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cO + 3.7(fcon)0.86 (2.3)
A number of models of the behavior of.concrete subjected to biaxial and triaxial load have been
proposed (e.g. Kupfer et at, 1969, and Liu et al., 1972). The suitability of any particular concrete model
depends on the conditions to which the concrete is subjected. For many typical cases, a confinement-
dependent uniaxial model is sufficiently accurate to model the response of confined concrete (Harries et aI.,
1997b).
A number of confined concrete models have been proposed on the basis of investigations of large-
scale reinforced concrete columns. Figure 2.3 shows the uniaxial stress-strain relationship proposed byPark,
Kent, and Sampson (1972), later modified by Park, Priestley, and Wayne (1982), Sheikh and Uzumeri (1980),
Vallenas et al. (1977), and Mander et at (1988). TheSe models all assume a constant confining pressure is
provided by the plastic behavior (yielding) of the confining steel.
Ahmad and Shah (1982) and Madas and Elnashai (1992) recognized that conventionally confined
concrete is subjected to varying confining pressure during the linear-elastic portion of the confining steel
response. Madas and Elnashai proposed an iterative approach to determine the concrete stress-strain
relationship for variably confined concrete. Their approach is discussed in Section 2.5.3. A model that
describes the behavior of variably confined concrete is necessary where confinement is provided by FRPC
jackets, which do not exhibit plastic behavior.
2.5.2 Models for the Stress-Strain Behavior of Concrete Confined with FRPC Jackets
Fardis and Khalili (1982) proposed the use of a simple parabolic stress-strain relationship with an
initial slope equal to the modulus of elasticity of unconfined concrete. This modeled response also passes
through the ultimate stress and strain predicted by Richart et at (1928).
Hoppel et al. (1994) proposed a model based on the Newman and Newman (1969) model for
confined concrete strength. This model determines the confining stress in the jacket from the jacket strain,
which is based upon the dilation of the concrete. From this jacket stress, the confining pressure is
determined. This model assumes the dilation of the confined concrete is constant, which is a possible reason
11._
why the model consistently underestimates experimental data by as much as 12 percent (Harries et aI.,
1997b).
Restrepol and DeVino (1996) use the confinement model proposed by Mander et aI. (1988a) to
predict the behavior of confined reinforced concrete. This model includes the effects of both transverse and
longitudinal steel reinforcement within the column. It also defines the "confined core concrete" for square
and rectangular columns confined with external jackets. This region of effectively confined concrete does
not include ineffectively confined parabolic zones along the sides of the column, as shown in Figure 2.4.
-- '---Sucilllitmaneshet7iL-(1994)modele-d-reinforced-concretecolumns-confined-with-Garbon-and-E-glass,-------I
FRPC straps. Stress-strain models for confined concrete developed by Mander et al. (1988) and based on
an equation proposed by Popovics (1973) were incorporated into a computer program. This program
predicted the ultimate moment and curvature at failure of columns in states of pure compression to pure
bending. Concrete strengths of 20.7, 27.6, and 34.5 MPa (3, 4, and 5 ksi), and strap thicknesses of 5,10, and
15 mm (0.2, 0.4, and 0.6 in.), with clear spacings between straps of 0, 152, and 305 mm (0, 6, and 12 in.)
were investigated. Circular columns with 1.52 m (60 in.) diameter and 1.83x1.22 m (72x48 in.) rectangular
columns were considered. Maximum strength enhancements of 2.03 and 2.71 were predicted for the circular
columns confined with E-glass and carbon straps, respectively.
Labossiere et aL (1995) investigated both nonlinear and elastic-perfectly plastic models for concrete
confined with FRPC jackets. The latter model considered the variation of dilation with axial stress.
Rochette and Labossiere (1996) developed a finite element model using elastic-perfectly plastic
elements for the concrete and linear elastic elements for the FRPC jackets. The model is unable to predict
column failure because of insufficient data on the rupture strain of the jackets.
2.5.3 Variably Confined Concrete Model
This section describes the Variably Confined Concrete Model (VCCM) (Harries et al., 1997b). This
model is a modified version of the method proposed by Madas and Elnashai. The VCCM iterates through
stress-strain curves for concrete with progressively larger but constant confinement to generate a variable
18
confinement response. This model was used to predict the results of selected small..: and full-scale specimen
tests (refer to Chapter 7). Appendix A summarizes the VCCM modeling procedure. The general description
and background information presented in this section and in Appendix A is adapted from Harries et al.
(1997b).
Most confinement systems for concrete provide initially variable confinement. That is, confining
pressure increases with increased transverse dilation. For the case of conventional transverse reinforcing
steel, once the steel yields, a constant confining pressure is provided. FRPC jackets, on the other hand,
exhibit little plastic response and therefore provide continuously increasing levels of confinement up to the
eventual rupture of the jacket.
Typically, stress-strain relationships for confined concrete assume that the confining material has
yielded and is behaving in a perfectly plastic manner, thus providing a constant confining pressure (refer to
Section 2.5.1). This assumption is inappropriate for confinement provided FRPC jackets, as the material is
linear-elastic to failure and does not exhibit plastic behavior (and thus no constant confinement level).
Harries et al. have adopted an iterative procedure for predicting the stress-strain relationship for
variably confined concrete, based on that proposed by Madas and Elnashai (1992). A schematic
representation of this procedure is shown in Figure 2.5. This procedure requires the establishment of the
following four relationships (quadrants refer to Figure 2.5):
Quadrant!
Quadrant II
Quadrant ill
Quadrant IV
stress-strain relationship for concrete confined with a constant confining pressure;
relationship between axial and transverse strains, related to the dilation ratio of concrete;
stress-strain relationship for confining material; and,
relationship between stress in confining material and confining pressure provided.
The VCCM procedure increments the axial strain. Each of the established relationships are then
examined and a confining pressure corresponding to each axial strain is calculated. The constant
confinement stress-strain relationship for the calculated confining pressure is determined. The variable
confinement stress-strain relationship is developed by incrementing axial str~ns and plotting a curve through
.each successive constant confinement stress-strain curve. It is assumed that the principal strain in the FRPC
jacket is equivalent to the transverse strain of the concrete.
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CHAPTER 3
EXPERIMENTAL PROGRAM FOR SMALL-SCALE SPECIMENS
This chapter describes the experimental'program performed on the small-scale cylinders and prisms.
Section 3.1 presents the test matrix, and Section 3.2 presents the specimen details. Properties and
characteristics of the various composite materials treated in the experimental program are discussed in
Section 3.3. Section 3.4 provides a descriptionofthe procedures used to apply the FRPC materials to the
-----~--
concrete specimens. Section 3.5 presents the results of tests performed on the FRPC materials. Finally,
Sections 3.6 through 3.8 discuss instrumentation, data acquisition, and testing procedures for the small-scale
specimens.
3.1 TEST MATRIX
The objective of the concentric axial load tests of the small-scale plain concrete cylinders and prisms
was to study the enhancements in axial strength and deformation capacity resulting from confinement
provided by FRPC jackets. Variables treated in the study included cross-section shape (circular and square),
jacket material (unidirectional E-glass, multidirectional E-glass, and unidirectional carbon), and number of
plies of jacketing (one or two).
Atotal of 28 small-scale specimens were tested in concentric compression. Of these, 16 had circular
cross-sections and 12 had square cross-sections. The test matrices for the circular and square cross-section
specimens are presented in Tables 3.1 and 3.2, respectively. The first letter of a specimen's designation
denotes its cross-section shape; thus a "C" represents a circular cross-section while an "S" represents a
square cross-section. The next letter or letters of the designation refer to the type of FRPC material with
which the specimen was jacketed. An "N" denotes no jacket, "G" denotes unidirectional E-glass material,
"GM" denotes multidirectional E-glass material, and "C" denotes unidirectional carbon material. Specimens
were jacketed with either one or two plies of material. In the speCimen designations used here, "1" and "2"
denote specimens with one and two plies ofjacketing, respectively. Finally, the last letter in the designation,
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"A," "B," "C," or "D," is used to distinguish between the replicate specimens that were tested for each
combination of parameters. For example, the notation "CG2A" denotes a specimen with a circular cross-
section which was jacketed with ~wo plies of unidirectional E-glass FRPC material.
It is noted that square specimens jacketed with unidirectional E-glass material were not tested. This
was due to the fact this FRPC material could not be successfully applied to the small-scale square specimens
despite several attempts to do so. This is discussed in more detail in Section 3.4.1.
3.2 SPECIMEN DETAILS
The geometries of the small-scale cylinders and prisms are shown in Figure 3.1. Each specimen was
made of plain concrete, and selected specimens were jacketed with FRPC as described in Tables 3.1 and 3.2.
As shown in Figure 3.1, the prism specimens were formed with 45 degree chamfers at the corners.
All specimens were cast from the same batch of ready-mix concrete. In addition to the 610 mm (24
in.) tall cylinders and prisms, a series of standard 152x305 mm (6x12 in.) concrete cylinders were prepared
according to the procedures in ASTM C 31-90. Both the cylinders as well as the circular and square
specimens were covered in wet burlap for seven days, after which time they were stripped from their
respective molds and air-cured. The 152x305 mm cylinders were tested in a 1330 kN (300 kip) capacity
universal testing machine according to ASTM C 39-86. Prior to testing, the cylinders were capped with a
sulfur compound according to ASTM C 617. Concrete cylinder test results are presented in Table 3.3.
3.3 DESCRIPTION OF COMPOSITE MATERIALS
This section describes each of the of fiber/resin systems used in this study and the procedures used
to apply these materials to the concrete cylinders and prisms. Material properties are given and aspects such
as workability and quality control are discussed for each system. Dimensions and mixing information for
each of the respective fiber sheets and resin systems are presented in Table 3.4.
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3.3.1 Multidirectional E-glass
The multidirectional E-glass material used in this study was produced and donated by Owens"
Corning, Inc. This stitched material was provided in the form of a 1.27 m (50 in.) wide roll of strands of E-
glass fibers in three separate layers held together by a mat of randomly-oriented fibers on one side as shown
in Figure 3.2. The fibers are arranged as follows: 50 percent in the longitudinal direction of the roll, 25
percent aligned at a +45 degree angle with respect to the longitudinal direction of the roll, and 25 percent
aligned at a -45 degree angle with respect to the longitudinal direction of the roll. The 0/+45/-45 laminate
is bonded t6 the concrete surface with aresin arid catalYsfSystem. The application procedure is described
in Section 3.4.1.
3.3.2 Unidirectional E-glass
The unidirectional E-glass material used in this study was produced and donated by Owens-Corning,
Inc. This woven material was provided in the form of a 762 mm (30 in.) wide roll of strands of E-glass fibers
aligned in the longitudinal direction of the roll. Single strands aligned in the transverse direction of the roll
accounting for about 10 percent of the areal weight serve to hold the longitudinal fibers together. A
photograph of this material is shown in Figure 3.3. The E-glass sheet is bonded to the concrete surface with
the resin and catalyst system used for the multidirectional E-glass material. The application procedure is
described in Section 3.4.2.
3.3.3 Unidirectional Carbon
The unidirectional carbon FRPC used in this investigation was produced and donated by the
TONEN Corporation of Tokyo, Japan. Its trade name is Forca Tow Sheet. This material was provided in
the form of a 508 mm (20 in.) wide roll of carbon tow with fibers aligned in the longitudinal direction of the
roll. A photograph of the material is shown in Figure 3.4. These fiber strands are partially held in alignment
by a stitched grid of fibers on one side of the roll. This reverse side of the tow sheet is attached to a mildly
adhesive sheet of paper which serves to protect the fibers during handling and is removed prior to the
application of the material. The carbon fiber sheet is bonded to the concrete surface through a two-part
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epoxy resinlhardener system approved for use with Forca Tow Sheet, produced and donated by Henkel
Corporation. A similar two-part primer compound is applied to the concrete prior to the bonding of the tow
sheet. The application procedure is described in detail in Section 3.4.3.
3.4 FRPC APPLICATION PROCEDURES
This section describes the application procedures used to jacket the small-scale cylinder and prism
specimens. Included here are remarks on the observed advantages and limitations of each jacketing method
relative to the other two.
3.4.1 Multidirectional E-glass
The procedure used to apply the multidirectional E-glass material consisted of three main steps: (1)
prepare the concrete surface; (2) prepare the fiber sheets, and (3) apply the sheets to the concrete surface.
Figure 3.5 is a series of photographs of the application procedure. This figure shows the FRPC being applied
to a full-scale specimen.
The first step was to prepare the concrete surface. Any surface irregularities raised above the
concrete surface were removed by grinding. After grinding, surface voids were patched with a portland
cement paste. This cement paste was allowed to harden for a period of approximately 24 hours. The surface
was then wire brushed and cleaned with wet cloths. Finally, a primer coat of epoxy resin was applied to the
specimen using a paint roller. The primer coat was allowed to cure a minimum of three hours prior to
wrapping the specimen. The amount of resin used in this primer coat was measured as 33 percent by weight
of the resin required for one ply of the E-glass fiber sheets.
The second step in the procedure used to apply the multidirectional E-glass material was to prepare
the fiber sheets. A 600 mm (24 in.) wide section of the fiber sheet was cut for each ply to be bonded to a
given specimen. The length of each sheet include9 an allowance for a 102 mm (4 in.) lap along the
longitudinal direction (00) of the sheet, as per instructions from Owens-Coming. (Tests conducted on the
material by Owens-Corning conflrmed that a 31 mm (1.2 in.) lap length was sufflcient to develop the tensile
capacity of the material.) These fiber sheets were then weighed. The weight of resin required for a given
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fiber weightwas determined through a 55:45 weight ratio of resin to fiber. An amount of catalyst equal to
1.25 percent by weight of the required resin was then added and the substance was thoroughly mixed by
hand. Approximately half of this mixture was then poured and spread evenly over a specially lined work
table, and the fiber sheet was then placed on the table with its matted side down and immersed in the resin.
The matted side was the side which was bonded to the concrete surface. Thin paint rollers were used to work
the resin into fiber. The remainder of the resin was then poured over the partially wet fiber, and rollers were
again used to further work the resin into the fiber sheet until the sheet was fully impregnated. The wetted
fiber sheet was then carefully removed from the table and wound around a 762 mm (30 in.) roller constructed
of a 76 mm (3 in.) diameter PVC pipe.
In step three, the prepared fiber sheets were applied to the specimen. The wetted fiber sheets were
unrolled around the specimen. Care was taken to ensure that the fibers remained parallel to each other and
perpendicular to the axial direction of the specimen. Grooved hand rollers were worked over the material
to help align the fibers and to work air voids out from under the fiber sheets. When the rollers were not
completely effective at removing certain air voids, the material was worked manually in an attempt to
eliminate these voids. When multiple plies were applied, the starting locations of the sheets were varied so
that the laps of the material did not coincide among consecutive plies. A minimum of 40 minutes was
allowed between the application of each ply. Finally, an additional ply was applied to the top and bottom
76.2 mm (3 in.) of each specimen. This added ply was intended to prevent failure in the end regions during
testing by providing additional confinement in these regions.
3.4.2 Unidirectional E-glass
The application procedure used for the unidirectional E-glass material was basically identical to that
of the multidirectional E-glass. The weight ratios for the two E-glass materials (resin to surface area, resin
to fiber, and resin to catalyst) were also the same.
Several difficulties were encountered during the application of the unidirectional E-glass jackets.
Upon cutting a sheet from the roll, several strands would peel away from the sheet and were thus lost. These
strands of fibers were not held in place well enough to prevent this from occurring occasionally even under
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nonnal handling when cutting was not involved. It was also difficult to apply long sheets of material, as the
resin-soaked fiber sheets tended to sag and move from where it was initially positioned on the concrete
surface. The fabric wouldthen have to be repositioned and straightened with great care. The resin-soaked
fabric sheets were also messy to handle, as resin frequently dripped during application. Despite the
difficulties described above, good final results were achieved in terms of jacket bonding and fiber alignment.
However, it became evident that the quality could vary greatly depending on the skill, care, and experience
of the application crew as well as the size of the sheets to be applied.
Greater difficulties were encountered when jacketing the.square cross-section specimens as
compared to the round cross-section specimens. For the square cross-section specimens, the unidirectional
E-glass tended to separate from the specimen at the comers. When the resin-soaked fabric was extended
from one side of a specimen to the next, the material tended to retract and form somewhat of a rounded edge
instead of bonding directly to the 45 degree angle chamfered edge of the concrete. This phenomenon was
observed for both small- and full-scale specimens, but the problem was found to be greater with the small-
scale specimens. The small-scale square cross-section specimens had only a 102 mm (4 in.) length on each
side in between the chamfered comers. It may be that this was not a sufficient length for the wetted
unidirectional material to adhere strongly enough to the concrete to prevent it from pulling away before
hardening. As a result, when the wetted fiber sheet was placed around a corner, the fabric would pull away
from the preceding side, and the wrapping was not completed.
Many of the difficulties associated with the handling of the unidirectional E-glass were not
encountered with the multidirectional E-glass. This is thought to be largely due to the method by which the
fiber sheets were manufactured. As noted earlier, the unidirectional material was a woven fabric, while the
multidirectional material was stitched. As shown in Figure 3.6, a woven fabric consists of two sets of
interlaced fibers which are oriented in the 0° and 90° directions (Hudson, 1996). In general, the size and
spacing of each set of fibers can be varied. In this case, each set was the same size. The 90° fibers were
widely spaced, while the 0° fibers were packed tightly together. As Figure 3.6 illustrates, the over-under
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interlacing of the fibers causes them to crimp and prohibits them from lying completely straight. This causes
kink stresses which prevent the fibers from realizing their optimum properties.
In contrast to woven fabrics, stitched fabrics have no fiber crimp. More of the fiber's properties
are utilized because the fibers do lay straight. Stitched fabrics can have strength and stiffness properties 1.5
times greater than their woven counterparts (Hudson, 1996). The multidirectional E-glass stitched fabric
consisted of smaller fiber strands which were held in place by fine cross-stitching. The cross-stitching was
alternated at 45 degree angles to the longitudinal direction of the roll and was closely-spaced. This resulted
in a sturdier and more durable fiber' sheet in which the individual fiber strands remained in place.
The small-scale square cross-section specimens were able to be jacketed with the multidirectional
E-glass fiber sheets. The matted side of randomly-oriented fibers appeared to facilitate bonding between the
wetted sheets of material and the concrete surface, and the sagging associated with the unidirectional fabric
did not occur. As a result of its improved handling, the multidirectional E-glass proved easier to align than
the unidirectional E-glass.
3.4.3 Unidirectional Carbon
The procedure used to apply the unidirectional carbon fiber material consisted of the same three
main steps used to apply the E-glass materials: (1) prepare the concrete surface; (2) prepare the fiber sheets;
and (3) apply the prepared sheets to the concrete surface. Figure 3.7 is a series of photographs of the
application procedure for the unidirectional carbon material.' This figure shows the FRPC being applied to
a full-scale specimen.
The concrete surface was prepared in a similar manner as for the E-glass material application. As
for the E-glass specimens, concrete surfaces were ground lightly to roughen the surface layer and remove
any external defects. The comers of the square specimens were rounded through heavy grinding to a
minimum 25.4 mm (l in.) radius. After grinding, surface voids were patched with a portland cement paste
which was allowed to harden for a period of 24 hours. A wire brush was used to remove any remaining
surface irregularities, and the specimens were then cleaned with wet cloths. Finally, a primer coat of epoxy
resin was applied using paint rollers. A separate primer resin and hardener were mixed in a 2:1 ratio by
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weight. The total primer weight was measured as 0.25 kg/m2of concrete surface area (0.05 lb/ft 2). The
primer coat was allowed to cure for a minimum of 20 hours.
The second step in the procedure used to apply the unidirectional carbon material was to prepare
the fiber sheets. Since the roll of material measured only 508 mm (20 in.) in width, additional 102 inm (4
in.) wide sheets of material had to be cut so the entire height of the specimen could be jacketed. The length
of each sheet included an allowance for a minimum 102 mm lap along the longitudinal direction of the fibers
to satisfy the manufacturer's specifications.
The final step was to applythe sheets to the concrete. This step involved three tasks which were
repeated for each ply: (a) application of an inner resin coat; (b) application of the fiber sheets; and (c)
application of an outer resin coat.
The resin coat consisted of a two-part epoxy resin mixed in a 2:1 ratio of resin to hardener for a
given mixture weight of 0.81 kg per m2 of concrete surface area (O.l6Ib/fe). Seventy percent of the total
required mixture weight was applied as an initial coat directly to the concrete. The appropriate amount of
resin was mixed and applied with a thin paint roller. After this initial layer was applied, the sheets were,
positioned with the fiber-side in contact with the column. Care was taken to ensure that the fibers were
aligned perpendicular to the axial direction of the specimen. The adhesive backing paper was then removed.
Solid rollers were used to bond the jacket to the surface. Grooved rollers were used to work the resin into
the fibers as well as push air pockets out from under the sheet. The remaining 30 percent of the total resin
mixture was then applied as an outer coating to the sheets. Grooved rollers were again utilized. When
multiple plies were applied, the starting locations of the sheets were varied so that the laps of the material
did not coincide among consecutive plies. The locations of the seams between the two sheets that comprise
each ply were also varied along the height of the specimen. A minimum of 90 minutes was allowed before
the above procedure was repeated for each ply. Finally, an additional ply was applied to the top and bottom
76 mm (3 in.) of each specimen. This ply was intended to prevent failpre in the end regions during testing
by providing additional confinement in these regions.
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The application process for the unidirectional carbon FRPC provided for an efficient and relatively
clean lay-up in which quality control could be readily ensured. The fact that a dry tow sheet is applied to a
resin-coated surface enabled workers to ensure the tow sheets were aligned properly. This also eliminated
much of the mess associated with the application of the E-glass, as resin did not drip freely from the tow
sheet. Air voids appeared to be readily eliminated. The carbon fiber also bonded extremely well to the
square specimens. This was due primarily to the fact that the corners were rounded to a 25.4 mID (l in.)
radius, which was not required for the E-glass application process. However, it is noted that this task
represented a significant amount of the total labor assoCiated with the application process. The carbon tow
sheet was sturdier than its unidirectional E-glass counterpart, which made it easier to handle and bond to a
rounded surface. It is noted that a setting time of 90 minutes was required before each additional ply of the
tow sheet could be applied. This was in contrast to the E-glass material, of which each additional ply could
be applied after 40 minutes. This limitation was offset by the fact that a two-person crew could wrap a given
number of small-scale specimens with one ply of the carbon tow sheet more efficiently than with a single ply
of either of the E-glass materials.
3.5 FRPC TENSILE COUPON TESTS
3.5.1 Test Matrix
Tensile coupon tests were performed to determine the mechanical properties of each of the three
FRPC materials used in this study. Specimens with both one and two plies of each FRPC material were
tested, for a total of six sets of coupon tests. Each set consisted of a minimum of five tests, as required by
ASTM D 3039-95.
3.5.2 Fabrication Procedure
Figure 3.8 shows the geometry of a typical coupon specimen. The same general procedures used
to jacket the small-scale specimens were used to fabricate the tensile coupons. Block sections of one and
two plies were fabricated for each material. Additional plies of material were then applied to the ends of
these block sections to form tabs. The tabs are provided to facilitate proper gripping of the coupons within
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the test machine. Individual coupons were then cut from each block section. The sides of these coupons
were milled down until the desired widths were attained. The widths of the unidirectional E-glass and
unidirectional carbon coupons were approximately 13 mm (0.5 in.). A width of approximately 25 mm (l in.)
was used for the multidirectional E-glass coupons. This was the maximum permissible width as limited by
the dimensions of the machine grips. The increased width was intended to allow the fibers oriented at ;t45
degrees to provide more of a contribution to the overall coupon strength. The thickness and width of each
coupon were then measured at several locations to determine average dimensions.
-- 3.5.3 Test Procedure-
The coupons were tested according to ASTM D 3039-95. All coupons were tested in an 88.8 kN
(20 kip) capacity universal machine as shown in Figure 3.9. A displacement control rate of 0.002 mm/min
(0.05 in/min) was used. Displacements were initially measured across an extensometer having a 50.8 mm
(2 in.) gage length. After an elongation of 1.0 percent was measured across the extensometer, the gage was
removed and displacements were then determined from machine head travel.
3.5.4 Test Results
Plots of the stress-strain responses of representative coupons from each set of tests are shown in
Figure 3.10. The results of the coupon tests are summarized in Table 3.5. Also included in this table are
properties reported by the material suppliers. Because of differences in the thicknesses of the coupon
specimens tested, FRPC material strength is reported as a force per unit width (where width is perpendicular
to the princip~l fiber direction) per ply of material (frr):
where: PCr
w
n
=rupture force of the FRPC coupon;
=width of the FRPC coupon; and,
= number of plies of FRPC material.
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(3.1)
Similarly, FRPC material stiffness is presented as the secant modulus of elasticity times the thickness per ply
of material (Efs):
where:
where: ~r
- ErstE =-
rs n
=FRPC coupon thickness; and,
=FRPC coupon secant modulus of elasticity, defined as:
=FRPC coupon rupture strain.
(3.2)
(3.3)
The FRPC material rupture strains are also presented in Table 3.5. Figure 3.11 is a schematic which shows
how these parameters Were determined for a typical coupon test.
3.6 INSTRUMENTATION
Different instrumentation configurations were used for the unjacketed and jacketed specimens, as
shown in Figures 3.12 and 3.13, respectively. Through each configuration, axial load as well as axial and
lateral deformations were recorded for each specimen. Axial load was recorded from an output signal from
the test machine. Axial deformation was measured by clip gages. Lateral deformation was measured by
electrical resistance strain gages and by a clip gage.
Specimens were divided into three axial gage lengths of 152 mm (6 in.) each, while the top and
bottom 76 mm (3 in.) of the specimen were uninstrumented. These axial gage lengths are referred to as the
Top, Middle, and Bottom regions, as shown in Figure 3.14. The cross section of the specimen is also divided
\
into the North, South, East, and West faces.
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3.6.1 Unjacketed Specimens
Axial deformations were measured at 12 locations by clip gages, referred to in this report as axial
clip gages, as shown in Figure 3.12. Four clip gages set 90 degrees apart around the specimen perimeter were
positioned across each of the three axial gage lengths. An additional clip gage, referred to in this report as
a radial clip gage, was mounted at specimen .mid-height to record lateral deformations. For Specimens CNC
and CND, two strain gages were also positioned at midheight on opposite faces, 180 degrees apart, to record
lateral deformations and serve as a comparison with the measurements of the radial clip gage. A photograph
of an instrumented unjacketed specimen is shown in Figure 3.15. The same instrumentation configuration
was used for both circular and square cross-section specimens.
3.6.2 Jacketed Specimens
The number of axial clip gages across each of the three axial gage lengths was reduced to two, as
shown in Figure 3.13. This reduction allowed additional channels on the data acquisition system to be used
to record jacket strains. (The data acquisition system used was configured for a maximum of 20 channels.)
The axial clip gages were positioned 180 degrees apart on each level, with clip gages on adjacent levels set
90 degrees apart. A total of six strain gages were mounted on the FRPC jackets. The strain gages were
affixed directly to a smooth, thin layer of epoxy which had been applied to the jacket at the individual gage
locations. The strain gages were aligned along the direction of the fibers (0°), perpendicular to the axial
direction of the specimen. Strain gage locations were established to correspond with the positions of axial
clip gages. Thus the radial clip gage was used as supplemental instrumentation to be used in the event several
strain gages were lost during a test. In addition, strain rosettes were mounted just above one of the strain
gages at mid-height on selected specimens jacketed with multidirectional E-glass. A photograph of an
instrumented jacketed specimen is shown in Figure 3.16. The same instrumentation configuration was used
for both circular and square cross-section specimens.
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3.7 DATA ACQUISITION
A schematic of the data acquisition system is shown in Figure 3.17. In addition to the·
instrumentation described in Section 3.6, the data acquisition system consisted of power supplies, signal
conditioners, a computer, and a high-speed 12-bit analog-to-digital (AID) converter installed in the computer.
A computer program was utilized to operate the data acquisition system fQr all experiments. The program
controlled the conversion of analog output signals from instrumentation to digital signals via the 12-bit AID
converter. The computer program also displayed each channel's output on a monitor and generated load-
displacement graphs during the test from the output of selected channels. For each channel, 20 high-speed
samples were averaged per reading, and the averaged output signals were then written to a computer file for
later retrieval and use. All channels were sampled simultaneously at an interval of three seconds for all of
the small-scale tests.
3.8 TESTING PROCEDURE
Figure 3.18 shows the typical arrangement of a small-scale specimen during testing. All specimens
were tested in concentric axial compression in a 1330 leN (300 kip) capacity universal testing machine. Prior
to testing, all specimens were capped with hydrostone compound not exceeding 3 mm (l/8 in.) in thickness.
Each capped specimen was centered under the crosshead on a 203 mm (8 in.) diameter bearing plate. The
crosshead was lowered to contact with the top face of the specimen, and the machine's load valve was
opened. Load was then hydraulically applied as the base plate was displaced upward towards the fixed
crosshead. During the early phase of the test, load was applied at a rate of about 0.21 MPaisec (30 psi/sec).
An average axial strain rate was then determined, and this rate was then maintained throughout the remainder
of the test. Note that this was done manually using the load valve which controls the volume of oil flowing
into the loading cylinder. This procedure was repeated for each of the specimens.
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) Table 3.1 Test matrix for small-scale circular cross-section specimens.
I Designation II Jacket Material I Number of Plies I
CNA none 0
CNB none 0
CNC -- none 0
CND none 0
CGMIA fuultidirectional E-glass FRPC I
CGMlB multidirectional E-glass FRPC I
CGM2A multidirectional E-glass FRPC 2
CGMlB multidirectional E-glass FRPC 2
CGlA unidirectional E-glass FRPC I
CGlB unidirectional E-glass FRPC I
CG2A unidirectional E-glass FRPC 2
CG2B unidirectional E-glass FRPC 2
CCIA unidirectional carbon FRPC I
CCIB unidirectional carbon FRPC I
CC2A unidirectional carbon FRPC 2
CC2B unidirectional carbon FRPC 2
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II al. fT bl 32 Ta e . est matrIx or sma -sc e square cross-section specImens.
I Designation /I Jacket Material I Number of Plies I
SNA none 0
SNB none 0
SNC none 0
SND none 0
SGMIA multidirectional E-glass FRPC 1
SGMlB multidirectional E-glass FRPC 1
SGM2A multidirectional E-glass FRPC 2
SGM2B multidirectional E-glass FRPC 2
SCIA unidirectional carbon FRPC 1
SClB unidirectional carbon FRPC 1
SC2A unidirectional carbon FRPC 2
SC2B unidirectional carbon FRPC 2
(6 12' ) r df152 305a e . ompresslOn test resu ts 0 x mm x m. cynn ers.
I Cylinder II Age (days) I fe' , MPa (psi) I
1 7 23.4 (3400)
2 7 23.9 (3460)
3 7 24.3 (3530)
4 44 28.6 (4140)
5 44 26.8 (3880)
6 44 28.0 (4060)
7 200 25.5 (3700)
8 200 28.5 (4130)
9 200 30.1 (4360)
T bl 33 C
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dFRPC .. . ~T bl 34 Fb h d'a e . ] er s eet lmenslOns an rruxmg m ormation.
I I
FRPC Material
E-glass [0°/+45°] E-glass [00] Carbon [0°]
sheet width, mm (in.) 1270 (50) 762 (30) 508 (20)
thickness, mm/ply 1.17 0.864 0.165
(in/ply) (0.046) (0.034) (0.0065)
fiber areal weight, 750 650 300
g1m2 (pst) (0.156) (0.129) (0.0595)
resin:fiber ratio 55:45 55:45 0.8kglm2
(0.16 Iblfe)
resin:catalystlhardener 1:0.0125 1:0.0125 2:1
ratio
average pot life, min 45 45 40
average cure time, hrs 12 12 10
T bI 3 5 FRPC '1a e . tens] e coupon test resu 15.
FRPC Number f r" Ers, Ero
Material of Plies N/(mm·ply) KN/(mm·ply) mm/mm
Obs/(in·ply» (kips/On·ply))
--
I 316 (1800) 16.6 (95.0) 0.019
E-glass
2 340 (1940) 17.0 (97.1) 0.020[00/±450]
Owens-Corning a 330 (1880) 13.8 (109) 0.024
1 330 (1880) 14.3 (81.9) 0.023
E-glass [0°]
2 350 (2000) 21.9 (125) 0.016
Owens-Corning a 383 (2440) 20.2 (115) 0.019
1 669 (3820) 29.1 (166) 0.023
Carbon [0°)'
2 589 (3360) 24.5 (140) 0.024
TONEN b 580 (3310) 38.7 (220) 0.015
a Average values reported by Owens-Coming, Inc. on samples ranging from one to five plies.
b Values reported by TONEN Corporation.
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Figure 3.1 Details of small-scale plain concrete cylinders and prisms (l in = 25.4 mm).
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Figure 3.2 Multidirectional E-glas~ stitched fabric.
Figure 3.3 Unidirectional E-glass woven fabric.
Unidirectional Carbon
Figure 3.4 Unidirectional carbon tow sheet.
- ---------------------
Figure 3.2 Multidirectional E-glass stitched fabric.
Figure 3.3 Unidirectional E-glass woven fabric.
Unidirectional Carbon
Figure 3.4 Unidirectional carbon tow sheet.
42
(a)
(c)
(e)
(b)
(d)
(1)
Figure 3.5 E-glass application procedure: (a) primer coatapplied; (b) sheets of fabric measured and
cut; (c) sheets impregnated with resin; (d) sheets unrolled around column at proper location; (e)
fibers aligned and voids removed with grooved hand rollers; and (f) additional layers are applied.
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(a)
(c)
(e)
(b)
(d)
(f)
Figure 3.5 E-glass application procedure: (a) primer coat applied; (b) sheets of fabric measured and
cut; (c) sheets impregnated with resin; (d) sheets unrolled around column at proper location; (e)
fibers aligned and voids removed with grooved hand rollers; and (f) additional layers are applied.
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Figure 3.6 Schematics of woven and stitched fabrics.
(a) (b)
(c)
Figure 3.7 Carbon application procedure: (a) primer coat applied, followed by inner resin
coat; (b) dry sheets of material are aligned and wrapped around proper column location
(hand rollers used to remove voids - not shown); (c) outer resin coat applied.
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(c)
Figure 3.7 Carbon application procedure: (a) primer coat applied, followed by inner resin
coat; (b) dry sheets of material are aligned and wrapped around proper column location
(hand rollers used to remove voids - not shown); (c) outer resin coat applied.
w- 13mml ~ [Ii ----'--------------------
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Lg = 127 mm
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end tabs __--.J
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Note: multidirectional E-glass coupons were approximately 25 mm wide.
Figure 3.8 Details of typical FRPC coupon specimen (l in =25.4 mm).
Figure 3.9 Tensile coupon in 88.8 leN universal testing machine.
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Figure 3.10 Representative stress-strain responses of coupon specimens.
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Figure 3.11 Definition of FRPC coupon properties.
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Figure 3.12 Instrumentation configuration for small-
scale unjacketed specimens (l in =25.4 mm).
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Figure 3.13 Instrumentation configuration for small-
scale jacketed specimens (1 in =25.4 mm).
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Figure 3.14 Axial gage lengths for small-scale specimens.
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Figure 3.15 Instrumented unjacketed cylinder
in 1330 kN universal testing machine.
Figure 3.16 Instrumented cylinder jacketed with carbon
FRPC in 1330 kN universal testing machine.
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Figure 3.15 Instrumented unjacketed cylinder
in 1330 kN universal testing machine.
Figure 3.16 Instrumented cylinder jacketed with carbon
FRPC in 1330 kN universal testing machine.
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Figure 3.17 Schematic representation of data acquisition system.
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Figure 3.18 Unjacketed cylinder in 1330 kN universal testing machine.
53
Figure 3.18 Unjacketed cylinder in 1330 kN universal testing machine.
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CHAPTER 4
RESULTS OF SMALL-SCALE TEST PROGRAM
This chapter presents the results of the axial load tests perfonned on the small-scale plain concrete
cylinders and prisms. Section 4.1 summarizes the tests of the unjacketed control specimens. Sections 4.2
and 4.3 summarize tests of the specimens jacketed with multidirectional and unidirectional E-glass,
respectively, and Section 4.4 treats the specimens jacketed with unidirectional carbon.
4.1 SUMMARIES OF UNJACKETED SPECIMENS
4.1.1 Format of Summaries
In this report, transverse strain will be used as a general tenn to denote both circumferential and
radial strains (circular specimens) and transverse strain (square specimens). In circular specimens,
circumferential strains are measured with strain gages. Radial strains are measured by the radial clip gage.
In square specimens, transverse strains are measured by strain gages and by the radial clip gage.
Key response parameters from each group of unjacketed specimens are summarized in Tables 4.1
and 4.2. Included in each table are the maximum unconfined axial stress (fcO), the axial strain at peak axial
stress (£cO), and the transverse strain at peak axial stress (~o). Specimen failure was defined as the point when
the specimen had unloaded to a resistance equal to 85 percent of fcO• These response parameters are defined
for an idealized stress-strain plot in Figure 4.1.
The summaries of the unjacketed specimen tests are organized by cross-section shape. Results of
the cylinder tests are presented in Section 4.1.2, and the results of the prism tests are presented in Section
4.1.3. For each group of tests (cylinders and prisms), plots of axial stress versus both axial and transverse
strain are provided for each specimen. As noted in Chapter 3, each specimen was divided into three regions
for instrumentation purposes. The following notation is included on the plots to describe the locations of the
instrumentation (also refer to Figure 3.14):
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T = top gage length;
M = middle gage length;
B = bottom gage length;
N = north face of specimen;
S = ~outh face of specimen;
E = east face of specimen;
W =west face of specimen.
In these figures, "AVG" denotes the average axial strain across an entire specimen, computed as the average
strain across the three axial gage lengths.
Also plotted for each specimen is dilation ratio versus axial strain. The dilation ratio is defined for
the unjacketed specimens as the ratio of average transverse strain measured across the middle gage length,
divided by the average axial strain also measured across the middle gage length. In these figures, the
following notation is used:
A,B,C,D
SG
CG
P
RCG
X
=specimen identification;
= transverse strain measured by strain gage;
= axial strain measured by clip gage;
= point at which peak stress was reached;
= transverse strain measured by radial clip gage;
= point at which dilation data was no longer available due to instrumentation
failure, and indicates in parenthesis whether the axial clip gages (CG), radial
clip gage (RCG), or strain gages (SG) failed.
4.1.2 Unjacketed Cylinders
Figure 4.2 contains plots for Specimen CNC of axial stress versus the strain measured by each
individual instrument across the three axial gage lengths, as well as of the average strain measured across
each of these gage lengths. This figure illustrates how the data from each individual test was reduced. For
example, the true axial stress-strain curves labeled N, S, E, and W in Figure 4.2(a) are averaged to create the
single curve labeled T in Figure 4.2(d).
Table 4.1 summarizes values of key response parameters obtained from each of the unjacketed
cylinder tests. Figure 4.3 contains plots of axial stress versus average axial strain across the three gage
lengths for S~imens CNA through CND. Plots of the individual instruments (similar to Figure 4.2) are not
~;: each specimen because there was, in general, a very good correlation between the individual
channels of strain recorded across each gage length of agiven specimen. Figure 4.4 contains plots of dilation
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ratio versus axial strain for Specimens CNB, CNC, and CND. Specimen CNA is not included in this figure
because no transverse strain data was available from this test.
The average maximum compressive stress of the unconfined cylinders was 26.2 MPa(3.80 ksi),
...
while the average axial strain at the peak stress was 0.0022 mm/mm. All of the unjacketed cylinders
generally behaved in a similar manner, as cracking initiated in each specimen as its maximum load was
approached. The cylinders had an average modulus of elasticity, Ee, of 21.9 GPa (3170 ksi). This value was
determined as a secant modulus measured at 40 percent of the fcO• Figure 4.5 is a photograph showing the
typical failure mode of an unjacketed cylinder.
4.1.3 Unjacketed Prisms
Table 4.2 summarizes key results for each of the unjacketed prism tests. Figure 4.6 shows plots
of axial stress versus average axial strain across the three gage lengths for Specimens SNA through SND.
Figure 4.7 contains plots of dilation ratio versus axial strain for each specimen.
The average maximum compressive stress of the unconfined prisms was 26.4 MPa (3.83 ksi), while
the average axial strain at the peak stress was 0.0021 mm/mm. All of the unjacketed prisms generally
behaved in a similar manner, as cracking initiated in each specimen as its maximum load was approached.
The prisms had an average modulus of elasticity of 23.5 GPa (3410 ksi). Figure 4.8 is a photograph showing
the typical failure mode of an unjacketed prism.
4.2 SUMMARIES OF MULTIDIRECTIONAL E-GLASS SPECIMENS
4.2.1 Format of Summaries
This section summarizes tests of the plain concrete cylinders and prisms jacketed with
multidirectional E-glass. This includes four circular cross-section specimens (CGMlA, CGMlB, CGM2A,
CGM2B) and four square cross-section specimens (SGMlA, SGMlB, SGM2A, SGM2B). The summaries
are provided for pairs of specimens with identical test parameters (e.g., same number of plies of jacketing,
cross-section geometry, anq FRPC material).
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All test summaries are presented using a similar format which includes the following:
~
(1) A plot for each specimen which shows normalized axial stress (normalized by the average fcO of the
unjacketed specimens) versus the deformation measured by each individual strain gage or clip gage.
Each deformation is plotted as a strain (either a strain gage measurement or a strain computed from
a clip gage measurement). Both axial and transverse strains are shown. The transverse strains
determined from strain gages are actually measured jacket strains, but throughout most of this report
they are interpreted as the transverse strains of the concrete. Also shown as dashed curves are the
representative normalized axial stress versus axial and transverse strain responses of the unjacketed
specimens. A horizontal dashed line denotes the maximum stress of the unjacketed specimens.
(2) A plot for each specimen of normalized axial stress versus average axial and transverse strains. The
strains plotted are the average of the two gages (either clip gages or strain gages) located along each
of the three axial gage lengths (top, middle, and bottom). Also included are the representative axial
and transverse strain responses of the unjacketed specimens, as indicated in (1) above.
(3) A plot for each specimen of dilation ratio versus axial strain. Dilation ratio is defined as the ratio
of average transverse strain over average axial strain as measured across a given axial gage length.
Thus each plot contains three curves which indicate the dilation ratio across the three axial gage
lengths. The curve corresponding to each specimen's main failure region is shown as the thickened
solid line. It is noted that jacket strains are used as transverse concrete strains to determine the
dilation ratio.
(4) A summary of the observations recorded during each test, including a detailed description of the
manner of failure of each specimen. Definitions of selected terms used to describe the modes of
failure are included in the glossary of terms in Section 1.5.
(5) A series of photographs of the specimens after testing.
The notation used for the plots of test results for the unjacketed specimens are used here for the
plots of the jacketed specimens. Combinations of the instrument notation are used to denote more specific
gage locations. For example, 1N refers to a gage located across the top gage length on the north face, while
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MW refers to a gage on the middle gage length of the west face. It is noted that for a given test, data may
not be available for one or more gages throughout a portion of the test. The reasons for this vary and include,
for example, damage to a section of the FRPC jacket where~ instrument had been applied. In some cases,
~
a gage might have not been functioning properly for an entire test.
!
Key results from each of the tests of the cylinders and prisms jacketed with multidirectional E-glass
are summarized in Tables 4.3 and 4.4, respectively. The primary failure region is reported for each specimen.
This region corresponds to the axial gage length (top, middle, or bottom) in which the FRPC jacket failed.
Also included in these tables are the maximum axial stress (fee)' corresponding axial and transverse strains.
(Eee and Ele), and the axial and transverse strains at failure (Eeu and Etu) for each specimen. These response
parameters are defined in the idealized stress-strain plot introduced previously in Figure 4.1. Response
parameter Eee reported in the tables is the average axial strain calculated from strains measured at the peak
axial stress across the primary failure region. Response parameter ~e reported in the tables is the average
transverse strain measured at the peak axial stress across the primary failure region. The response parameters
Ecu and ~u correspond to the average axial and transverse strains measured when the specimen had unloadedS .
to 85 percent of the peak axial stress (feu) Referred to in the test summaries as failure strains, the values for
Ecu and~ reported in the tables were also measured across the primary failure region. Also tabulated is the
transverse strain at feu measured adjacent to the jacket rupture (Ejr)' This value corresponds to the maximum
strain measured along the primary failure region. Also tabulated is the dilation ratio at peak stress (11e),
defined as:
(4.1)
In some cases, selected response parameters were not able to be measured across the primary failure region
due to instrumentation failures, as noted previously in this section. In these instances, the values reported
for these parameters are the average values measured across the specimen. For example, if a specimen's
primary failure region occurred in the top gage length, but no transverse strain data was available in the top
·-58-·
region due to strain gage failures, then the values reported for ~c and ~u are the transverse strains measured
at peak stress and failure, respectively, averaged across both the middle and bottom regions. Where data is
not available in the failure region, 1]c values are detenruned using average axial and transverse strains
measured over the remaining regions. These cases are noted, and the regions from which the data is averaged
are reported for each specimen.
It is noted here that due to an instrumentation error, the strain gages applied to Specimens CGMlB,
CGM2A, and CGM2B were unable to record strains beyond approximately 0.005 mm1mm. As a result, the
transverse strains measured by the radial clip gage (RCG) are reported for these specimens. The stress-strain
curves for the RCG are included in the appropriate plots for the cylinders jacketed with the multidirectional
E-glass.
4.2.2 Specimens CGMIA and CGMIB
Results from Specimens CGMIA and CGMlB are presented in Figures 4.9 through 4.12 and Table
4.3. Specimen CGMIA reached a maximum axial stress of 33.7 MPa (4.88 ksi), which is 1.3 times greater
than the average maximum stress of the unjacketed cylinders (feO). CGMIA achieved an axial strain at peak
stress (cee) of 0.0168 mm1mm, which is 7.6 times greater than_the average axial strain of the unjacketed
cylinders at peak stress (ceO). Both the peak axial strain and the primary failure region occurred along the
middle gage length.
Initial matrix cracking formed in the jacket of Specimen CGMIA at an axial stress of 26.8 MPa
(3.89 ksi). Rupture and debonding of strands of fibers from the matrix material of the FRPC jacket first
occurred at a stress of 30.5 MPa (4.43 ksi). A large number of strands of fibers then began to rupture and
debond at a stress of 32.1 MPa (4.66 ksi). The specimen failed after a large number of strands of fibers
ruptured and debonded from the jacket. Once ruptured, the fibers within these strands no longer contribute
strength to the FRPC and thus confinement to the concrete.. When the FRPC jacket can no longer provide
confinement, the specimen unloads. This reflects a ductile mode of specimen failure relative to a specimen,
for example, whose FRPC jacket had failed by sudden rupture of all the fibers in a region of the jacket. The
rupture debonding of strands was concentrated along the middle gage length, though some also occurred .
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within the top and bottom regions to a much lesser extent. Rupture of strands of fibers occurred along
various locations around the cir~umference of CGMlA and was most prevalent along the north and east faces
of the specimen. It is noted that the severity of the damage was limited along~ 76 mm (3 in.) longitudinal
lap located along the southwest face of CGMIA. A maximum transverse strain at failure (~u) of 0.0183
rnm/mm was recorded across the middle gage length. Note that the curve for the RCG corresponds well with
that of gages MN and MS (Figure 4.9(a». A maximum axial strain at failure (Ec) of 0.0208 rnm/mm was
recorded across the middle gage length (Figure 4.9(b».
Specimen CGM lB achieved a maximum stress of 33.2 MPa (4;82 ksi), which is 1.3 times that of
fco• CGM IB reached an Ecc of 0.0165 mm/mm, which is 7.5 times EcQ. Both the peak axial strain and the
primary failure region occurred in the middle region.
Initial matrix cracking formed in the jacket of Specimen CGMlB at an axial stress of 27.4 MPa
(3.97 ksi). Rupture and debonding of fiber strands first occurred at a stress of 31.3 MPa (4.54 ksi). As
CGMlB achieved its peak response, the FRPC jacket began to rupture along the southwest face 127 mm (5
in.) from the top of the specimen. This rupture surface propagated down toward the west face along an
approximate 60 degree angle, as measured from a horizontal reference line. While the jacket itself ruptured,
several individual strands of fibers had previously ruptured and debonded from the FRPC and also
contributed to this failure. It is noted that the amount of rupture and debonding of individual strands was
much less than occurred with Specimen CGMIA. An ~u of 0.0165 rnm/mm was measured by the RCG
(Figure 4.10).
Figure 4.11 indicates the relationship between dilation ratio and axial strain for Specimens CGM1A
and CGMlB. This figure shows that the dilation is limited to a maximum value. This is in contrast to the
behavior of the unjacketed cylinders (Figur~ 4.4), whose dilation ratios were unstable beyond the peak stress.
The failure regions of Specimens CGMIA and CGMlB are shown in Figure 4.12.
4.2.3 Specimens CGM2A and CGM2B
.--J
Results from Specimens CGM2A and CGM2B are present~ in Figures 4.13 through 4.16 and Table
4.3. Specimen CGM2A reached a maximum stress of 46.3 MPa (6.72 ksi), which is 1.8 times greater than
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feO. CGM2A achieved an ftc of 0.0185 mm1mm, which is 8.4 times greater than ~. Both the peak axial strain
and the primary failure region occurred within the top gage length.
Initial matrix cracking formed in the jacket of Specimen CGM2A at an axial stress of 34.6 MPa
(5.02 ksi). Small cracks continued to develop, and initial fiber rupture then occurred at a stress of 44.2 MPa
(6.41 ksi). The specimen failed as a 152 mm (6 in.) tall (Le. along the axial direction of the specimen) section
of jacket ruptured along the northeast face. The center of this rupture surface was located 227 mm (9 in.)
below the top of the specimen. The lower 152 mm of this surface was oriented along approximately a 45
degree angle. Unlike CGMIA and CGMlB, rupture and debonding of individual strands did not occur; the
fibers ruptured together over a region of the jacket. An ~u of 0.0110 mm1mm was measured by the RCG
(Figure 4.13).
Specimen CGM2B achieved a maximum stress of 42.6 MPa (6.18 ksi), which is 1.6 times greater
than feO• CGM2B reached an ftc of 0.0134 mm1mm, which is 6.1 times greater than Eco. Both the peak axial
strain and the primary failure region occurred in the top gage length.
Initial matrix cracking formed in the jacket of Specimen CGM2B at an axial stress of 35.7 MPa
(5.18 ksi). Cracking continued to develop, and initial fiber rupture then occurred at a stress of 37.9 MPa
(5.50 ksi). Failure initiated along the west face, where a 152 mm (6 in.) tall section of jacket ruptured. The
center of this rupture surface was located 178 mm (7 in.) from the top of the specimen. Both the upper and
lower ends of this surface extended out along approximately 45 degree angles. As with CGM2A, no
debonding occurred. An ~u of 0.0083 mm1mm was measured by the RCG (Figure 4.14).
Figure 4.15 indicates the relationship between dilation ratio and axial strain for Specimens CGM2A
and CGM2B. This figure shows that the dilation ratios of CG2A and CG2B were generally limited to lower
values than those of CG1A and CGlB. The failure regions of these specimens are shown in Figure 4.16.
4.2.4 Specimens SGMIA and SGMIB
Results from Specimens SGM1A and SGMlB are presented in Figures 4.17 through 4.20 and Table
4.4. Specimen SGM1Areached a maximum axial 31.3 MPa (4.54 ksi), which is 1.2 times greater than feO.
61
---_._----~----- ------ ~--~------------
CG1A achieved an Ecc of 0.0031 mm1mrn, which is 1.5 times greater than EcO• Both the peak axial strain and
the primary failure region occurred within the bottom gage length.
Initial matrix cracking formed in the jacket of Specimen SGM1A at an axial stress of 27.5 MPa
(3.99 ksi). Strands of fibers then began to rupture and debond from the FRPC mat{i,X. The specimen began
to unload gradually after it reached its peak response. Increased cracking, rupture, and debonding developed
as SGM1A continued to unloaded to a stress of 23.5 MPa (3.40 ksi), from which the load dropped
substantially. The majority of the rupture and debonding occurred along the south and west faces of the
specimen. No debonding occurred along the portion of the east face where the longitudinal lap of the FRPC
jacket was located. A 25 mrn (l in.) tall section of the jacket bulged out from the southeast corner 127 mrn
(5 in.) above the bottom of the specimen. A 51 mm (2 in.) tall section of jacket ruptured along a 45 degree
angle along the south face of SGM1A. The center of this rupture surface was also located 127 mm above
the bottom of the specimen. While the axial strain measured only 0.0031 mm1mm across the bottom gage
length at the maximum stress, the strain increased to 0.0082 mm1mrn at failure (Figure 4.17). Similarly, the
transverse strain increased from 0.0011 mm/mrn at the peak stress to 0.0033 mm1mrn at failure.
Specimen SGMlB achieved a maximum axial stress of 31.2 MPa (4.53 ksi), which is 1.2 times
greater than fcO• SGMlB reached an ftc of 0.0029 mm/mrn, which is 1.4 times greater than ftiJ. Both the peak
axial strain and the primary failure region occurred in the middle region.
Initial matrix cracking formed in the jacket of Specimen SGMlB at an axial stress of 30.5 MPa
(4.42 ksi). The specimen began to unload steadily after it reached its peak response. Initial fiber ruptures
occurred when the stress dropped to 25.9 MPa (3.75 ksi). The jacket then ruptured at a stress of 23.9 MPa
(3.46 ksi) along the southwest corner 102 rom (4 in.) above midheight. From this point, the rupture surface
extended down 102 mm along the southwest comer, and up 51 mrn (2 in.) along a 45 degree angle toward
the northwest corner. This entire section of the FRPC jacket had bulged out from the concrete. Some rupture
and debonding of fiber strands occurred along the north and west faces, though not to the extent of SGM1A.
As with SGM1A, the maximum axial and transverse strains increased substantially from their respective
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values of 0.0029 and 0.0015 mm/mm at the maximum stress to values of 0.0079 and 0.0073 mm/mm at
I
failure (Figure 4.18).
The comers influenced the failures of both of these specimens to some extent, though there appeared
to be more of an effect on Specimen SGMlB. The influence of corners and the effects of a square cross-
section on stress-strain behavior are discussed in Chapter 7.
Figure 4.19 indicates the relationship between dilation ratio and axial strain for Specimens SGMIA
and SGMlB. The dilation is generally limited to a maximum value. The failure regions of these specimens
are shown in Figure 4.20.
4.2.5 Specimens SGM2A and SGM2B
Results from Specimens SGM2A and SGM2B are presented in Figures 4.21 through 4.24 and Table
4.5. Specimen SGM2A reached a maximum axial stress of 32.5 MPa (4.71 ksi), which is 1.2 times greater
than fdl. SGM2A reached an e.:c of 0.0157 mm/mm, which is 7.5 times greater than fw. The peak axial strain
was averaged across the top and middle gage lengths, while the primary failure region formed in the bottom
region.
Specimen SGM2A reached an initial peak axial stress of 31.9 MPa (4.63 ksi) and then began to
suddenly unload. Loading was stopped, as it appeared that failure was occurring. Initial matrix cracking
formed in the jacket as the stress dropped to 31.5 MPa (4.57 ksi). The stress level then stabilized after
dropping to 28.2 MPa (4.09 ksi), as shown in Figure 4.21. Loading was restarted, and the specimen reached
its maximum response. At this point, the jacket ruptured along the northeast corner and the specimen failed.
The center of the 102 mm (4 in.) tall rupture surface was located 152 mm (6 in.) above the bottom of the
specimen. Damage to the FRPC was limited to a localized area near the rupture surface itself, as no ruptures
or matrix cracking occurred along any other area of the FRPC jacket. Similar to Specimen SGMlB, it
appeared that stress concentrations along the corner initiated the failure of SGM2A, as the centerline of the
rupture surface ran along the chamfered east edge of the north face. The FRPC bulged out from the corner
along this region. In contrast to SGMIA and SGMlB, the axial and transverse strains at failure did not
increase significantly from those measured at the maximum stress.
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Specimen SGM2B achieved a maximum axial stress of 30.9 MPa (4.48 ksi), which is 1.2 times
greater than fd)' SGMlB reached an fu: of 0.0030 mmlmm, which is 1.4 times greater than fto. Both the peak
axial strain and the primary failure region occurred in the middle region.
After achieving its peak response, Specimen SGM2B began to suddeniy unload, and again, loading
was stopped. The stress level then stabilized at 28.4 MPa (4.12 ksi), as shown in Figure 4.22. Loading was
continued, and initial matrix cracking formed in the jacket just before the stress increased to a second peak
leve130.1 MPa (4.37 ksi). SGM2B then began to unload a second time as the amount of cracking increased.
The stress again stabilized after dropping to 27.4 MPa (3.97 ksi), and the specimen failed when the stress
had increased to 30.5 MPa (4.42 ksi). Failure occurred along the southeast comer where a section of jacket
ruptured along the chamfered south edge of the east face. The rupture surface extended from specimen
midheight up 140 mm (5.5 in.) along the southeast comer, and then extended up towards the northeast comer
another 76 mm (3 in.) along approximately a 45 dellf.ee angle. Damage to the FRPC was again limited to the
"
area directly adjacent to the rupture surface, as the comers appeared to influente the failure of the specimen.
An ~u of 0.0083 mmlmm was measured in the middle gage length.
Figure 4.23 indicates the relationship between dilation ratio and axial strain for Specimens SGM2A .
and SGM2B. The dilation of SGM2A and SGM2B in general did not decrease relative to SGMIA and
SGMlB. The failure regions of Specimens SGM2A and SGM2B are shown in Figure 4.24.
4.3 SUMMARIES OF UNIDIRECTIONAL E·GLASS SPECIMENS
4.3.1 Format of Summaries
The tests of the cylinders jacketed with unidirectional E-glass are summarized in the same format
as for the specimens jacketed with multidirectional E-glass. Key values for these cylinders are summarized
in Table 4.5.
------------
4.3.2 Specimens CGIA and CGIB
Results from Specimens CGIA and CGlB are presented in Figures 4.25 through 4.28 and Table
4.5. Specimen CGIA reached a maximum axial stress of 38.2 MPa (5.55 ksi), which is 1.5 times greater than
feO. CGIA reached an Ecc of 0.0112 mm1mm, which is 5.1 times greater than Eco. Both the ftc and the primary
failure region occurred in the bottom region.
·Rupture of the FRPC jacket initiated in CGIA along its south face, approximately 102 mm (4 in.)
from the base of the specimen (region BS). This occurred at an axial stress of 35.4 MPa (5.13 ksi). With
continued loading, the rupture in the jacket then extended upward along an approximate 45 degree angle
towards the east face until a 102 mm tall section of the jacket ruptured. An Etu of 0.0094 mm/mm was
averaged across the top and middle gage lengths (Figure 4.25).
Improved load-deformation behavior was demonstrated by Specimen CGlB, which achieved greater
axial and transverse strains than CGIA despite reaching a similar maximum stress of 38.6 MPa (5.61 ksi).
CGlB reached an Ecc of 0.0148 mm1mm, which is 6.7 times EeO• The Eee was averaged across the middle and
bottom gage lengths, while the primary failure region formed along the top region.
Failure initiated along the southeast face of the top region, as a 102 mm (4 in.) tall section of jacket
ruptured. This failure was preceded by numerous small matrix cracks dispersed throughout the specimen.
An l;u of 0.0184 mm1mm was recorded across the top gage length (Figure 4.26).
Figure 4.27 indicates the relationship between dilation ratio and axial strain for Specimens CG1A
andCGlB.
The failure regions of Specimens CG1A and CG1B are shown in Figure 4.28. While the jacket
of CGlB ruptured along a relatively smooth, vertical plane, the jacket of CG1A ruptured along a jagged,
angled surface. The differences in failure modes could have resulted from improperly aligned fibers which
might not have been perpendicular to the axial direction. Possible mishandling of the fibers during the
application process could also have introduced relatively high stress concentrations in one of the specimens.
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c4.3.3 Specimens CG2A and CG2B
Results from Specimens CG2A and CG2B are presented in Figures 4.29 through 4.32 and Table
4.5. Specimen CG2A reached a maximum axial stress of 50.6 MPa (7.34 ksi), which is 1.9 times greater than
feO. CG2A reached an Ecc of 0.0176 rnmImm, which is 8.0 times greater than fi:o. Both the f;;; and the primary
failure region occurred in the top region.
Initial matrix cracking formed in the jacket of Specimen CGlA at an axial stress of about 34.2 MPa
(4.96 ksi). First, a crack formed in the jacket about 25 mID (l in.) below strain gage MS. A second, more
severe crack formed 89 mm (3.5 in.) below the top of the specimen. From this crack, a rupture surface
propagated along the north face and extended 89 mm vertically downward. Some delamination between plies
of the FRPC jacket was observed adjacent to the failure surface and may have been responsible for the
relatively low jacket strains in the top region. A transverse strain of 0.0105 rnmImm was recorded across the
top gage length at failure (Figure 4.29).
Specimen CG2B achieved a maximum stress of 54.3 MPa (7.87 ksi), which is 2.1 times greater than
fco. CG2B reached an Eccof 0.0187 mrn!mm, which is 8,5 times greater than E eO For this specimen, the
largest axial strain and the primary failure region occurred in the top region.
Initial matrix cracking formed in the jacket of Specimen CG2B at an axial stress of about 30.5 MPa
(4.43 ksi). At a stress of about 46.7 MPa (7.06 ksi), a rupture in the FRPC jacket initiated in the northwest
face 229 mm (9 in.) below the top of the specimen. As the peak response was achieved, a rupture surface
suddenly formed at the point of initial rupture and extended 63 mID (2.5 in.) vertically upward. The surface
then extended up towards the east face at about a 40 degree angle. Significant damage to the FRPC jacket
was also observed in southeast face of the bottom region. An fiu of 0.0143 rnmImm was recorded across the
top gage length (Figure 4.30).
Figure 4.31 indicates the relationship between dilation ratio and axial strain for Specimens CG2A
and CG2B. The failure regions of these specimens are shown in Figure 4.32.
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4.4 SUMMARIES OF UNIDIRECTIONAL CARBON SPECIMENS
4.4.1 Format of Summaries
The tests for the specimens jacketed with unidirectional carbon are summarized in the same format
as for the specimens jacketed with multidirectional E-glass. Key values for the cylinders and prisms jacketed
with the unidirectional carbon FRPC are summarized in Tables 4.6 and 4.7, respectively.
4.4.2 Specimens CC1A and CC1B
Results from Specimens CGlA and CGlB are presented in Figures 4.33 through 4.36 and Table
4.6. Specimen CCIA achieved a maximum axial stress of 47.8 MPa (6.93 ksi), which is 1.8 times greater
than feo. CCIA reached an cee of 0.0130 mm1mm, which is 5.9 times greater than CeQ' Both the peak axial
strain and the primary failure region occurred in the bottom gage length.
Initial matrix cracking formed in the jacket of Specimen CCIA at an axial stress of 31.8 MPa (4.62
ksi). Only a few scattered cracks could be observed before the specimen reached its maximum response.
The specimen failed as the jacket ruptured along the north face in a sudden, brittle manner. As the jacket
began to rupture, the load instantly decreased by a small amount and the specimen then immediately failed.
Small pieces of concrete shot out from the specimen as the jacket ruptured. Three sections ofjacket ruptured.
The fIrst was 89 mm (3.5 in.) tall located 102 mm (4 in.) from the bottom of the specimen. The second was
located directly above the fIrst section, and was 64 mm (2.5 in.) tall. The third ruptured section was located
directly above the second and was 6 mm (0.25 in.) tall. An ~u of 0.0065 mm1mm was averaged across the
top and middle gage lengths (Figure 4.33).
Specimen CClB achieved a maximum axial stress of 53.4 MPa (7.74 ksi), which is 2.0 times
greater than feQ. CClB reached an Ccc of 0.0158 mm1mm, which is 7.2 times greater than e.:o. Both the peak
axial strain and the primary failure region occurred within the bottom gage length.
Initial matrix cracking of the jacket and fIber rupture occurred for Specimen CClB at axial stresses'
of 30.4 MPa (4.44 ksi) and 38.7 MPa (5.61 ksi), respectively. The specimen failed as several narrow sections
of the FRPC jacket ruptured along the south face across the bottom gage length. As with CC1A, this was
a sudden, brittle failure. An ~u of O.O!~ \Vas aY~rage~L~gQ~~ the bottom gage length (Fjgl!feA.34).
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Figure 4.35 indicates the relationship between dilation ratio and axial strain for Specimens CC1A
and CClB. This figure shows that the dilation of these specimens was generally limited to lesser values than
for any of the other cylinders with one ply of jacketing. The failure regions of these specimens are shown
in Figure 4.36.
4.4.3 Specimens CC2A and CC2B
Results from Specimens CC2A and CC2B are presented in Figures 4.37 through 4.40 and Table 4.6.
Specimen CC2A achieved a maximum axial stress of 65.3 MPa (9.47 ksi), which is 2.5 times greater than
feO. CC2A reached an ccc of 0.0182 mm/mm, which is 8.3 times greater than CeO' The peak axial strain was
averaged across the top and middle regions, while the primary failure region occurred in the bottom gage
length.
Initial matrix cracking formed within the jacket of Specimen CC2A at an axial stress of 39.9 MPa
(5.79 ksi). At a stress of 61.7 MPa (8.95 ksi) the FRPC jacket began to rupture. This failure occurred in a
more gradual manner than had been previously observed among any of the specimens jacketed with the
carbon FRPC. The specimen failed as several sections of jacket totaling 152 mm (6 in.) in width ruptured
along the bottom gage length. The center of this failure region was located 165 mm (6.5 in.) above the
bottom of the specimen. Aportion of the second ply of the jacket delaminated from the first ply of jacketing
along the failure region of the FRPC. Evidence of incomplete impregnation of the FRPC material was
exhibited at this location. Rupture and debonding of some individual strands of fibers was also observed.
An Cru of 0.0088 mm/mm was measured in the bottom gage length (Figure 4.37).
Specimen CC2B achieved a maximum stress of 62.7 MPa (9.09 ksi), which is 2.4 times greater than
feO• CC2B reached an ccc of 0.0148 mm/mm, which is 6.7 times greater than CeO' Both the peak axial strain
and the primary failure region occurred in the bottom region.
Initial matrix cracking formed in the jacket of Specimen CC2B occurred at an axial stress of 34.3
MPa (4.97 ksi). Rupture and debonding of strands of fibers from the FRPC matrix was initially observed
at a stress of 46.5 MPa (6.75 ksi). The specimen failed as a 152 mm (6 in.) tall section of jacket ruptured
along its west face. The center of this section was located 127 mm (5 in.) above the bottom of the specimen.
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Some delamination between the two plies of jacketing was observed adjacent to the rupture surface. Prior
to failure, a series of short cracks formed within the matrix, and additional debonding occurred. An ~u of
0.0056 mm/mrn was measured in the bottom gage length (Figure 4.38).
Figure 4.39 indicates the relationship between dilation ratio and axial strain for Specimens CC2A
and CC2B. This figure shows that the overall dilation of these specimens was less than that of CCIA and
CClB. The failure regions of these Specimens CCIA and CClB are shown in Figure 4.40.
4.4.4 Specimens SCIA and SCIB
Results from Specimens SCIA and SClB are presented in Figures 4.41 through 4.44 and Table 4.7.
Specimen SCIA reached a maximum axial stress of 42.5 MPa (6.16 ksi), which is 1.6 times greater than fcO•
SCIA reached an Eee of 0.0140 mm/mrn, which is 6.7 times greater than EcO• Both the peak axial strain and
the primary failure region occurred within the middle gage length.
Initial matrix cracking formed in the jacket of Specimen SCIA at an axial stress of approximately
30.3 MPa (4.40 ksi). Initial fiber rupture occurred at a stress of 35.9 MPa (5.20ksi). The specimen failed
along the south face, as several sections ofjacket totaling 140 mrn (5.5 in.) in width ruptured. Although this
failure appeared to initiate along portions of both the southwest and northeast corners, damage to the FRPC
was not limited to the corners. This is in contrast to the behavior of the prisms jacketed with multidirectional
E-glass. Also, SGIA exhibited a bi-linear stress-strain relationship which was similar to the behavior of a
jacketed cylinder (Figure 4.41). An ~u of 0.0093 mm/mrn was measured in the middle gage length.
Specimen SClB achieved a maximum stress of 39.7 MPa (5.76 ksi), which is 1.5 times greater than
fcO• SClB reached an Eee of 0.0125 mm/mrn, which is 6.0 times greater than EcO• Both the peak axial strain
and the primary failure region occurred within the middle gage length.
Initial matrix cracking formed in the jacket of Specimen SClB at an axial stress of 26.9 MPa (3.90
ksi). Initial fiber rupture occurred just before the maximum response was achieved. The stress then dropped
to 35.5 MPa (5.15 ksi) before increasing again to 37.0 MPa (5.37 ksi). The specimen then failed as a 64 mID
(2.5 in.) tall section of jacket ruptured along the southeast corner near midheight. Gradual unloading
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followed, as scm behaved similarly to the prisms jacketed with two plies of multidirectional E-glass. An
~u of 0.0081 mm1mm was measured in the middle gage length (Figure 4.42).
Figure 4.43 indicates the relationship between dilation ratio and axial strain for Specimens SCIA
and scm. This figure shows that the dilation of theses specimens was limited to a maximum value. The
failure regions of these specimens are shown in Figure 4.44.
4.4.5 Specimens SC2A and SC2B
Results from Specimens SC2A and SC2B are presented in Figures 4.45 through 4.48 and Table 4.7.
Specimen SC2A achieved a maximum axial stress of 52.6 MPa (7.63 ksi), which is -2.0 times greater than
feO. SC2A reached an Ecc of 0.0192 mm/mm, which is 9.1 times greater than EeO• Both the peak axial strain
and the primary failure region occurred in the top region.
--:I
Initial matrix cracking formed in the jacket of Specimen SC2A at an axial stress of 34.0 MPa (4.93
ksi). The specimen failed suddenly as two sections of jacket totaling 165 mm (6.5 in.) in width ruptured
along the top gage length. a 64 mm (2.5 in.) tall section of FRPC ruptured at the northwest comer 140 mm
(5.5 in.) below the top of the specimen. Directly below this section, a 38 mm (1.5 in.) section of FRPC
ruptured along the east face. Just before these ruptures occurred, a 6 mm (0.25 in.) tall section of jacket
buckled along the east face approximately 127 mm (5 in.) below the top of the specimen. This was adjacent
to the failure surface on this face. Smaller sections buckled along the south face and at the southwest comer.
a minor amount of delamination occurred between the plies ofjacketing near the northwest rupture. SC2A
exhibited a bi-linear stress-strain relationship similar to a jacketed cylinder (Figure 4.45). An ~u of 0.0074
mm/mm was averaged across the middle and bottom gage lengths.
Specimen SC2B achieved a maximum axial stress of 57.6 MPa (8.35 ksi), which is 2.2 times greater
than feO• SC2B reached an Ecc of 0.0148 mm1mm, which is 7.0 times greater than EeO• Both the peak axial
strain and the primary failure region occurred in the top region.
Initial matrix cracking formed in the jacket of Specimen SC2B at an axial stress of 40.4 MPa (5.85
ksi). Initial fiber rupture occurred at a stress of 54.1 MPa (7.85 ksi). The specimen failed when two small
sections of jacket totaling only 25 mm (l in.) in width ruptured near the southeast corner. The rupture
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initiated at the southeast comer 203 mm (8 in.) below the top of the specimen and propagated around the
perimeter in both the clockwise and counterclockwise directions to the west face, where the rupture surfaces
were arrested by the longitudinal lap of the FRPC. SC2B exhibited a bi-linear stress-strain relationship
similar to a jacketed cylinder (Figure 4.46). An ~u of 0.0110 mmlmm was measured in the top gage length.
Figure 4.47 indicates the relationship between dilation ratio and axial strain for Specimens SC2A
and SC2B. This figure shows that the dilation of these specimens was limited to lesser values than for
Specimens SCIA and SClB. The failure regions of Specimens SC2A and SC2B are shown in Figure 4.48.
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. k d r dfkT bl 41 Sa e . ummaryo e response parameters or unlac ete cylm ers.
CNA CNB CNC CND IAverage I
...
feO' MPa 26.0 25.4 27.6 25.9 26.2
(ksi) (3.77) (3.69) (4.01) (3.75) (3.80)
EeO , rom/mm 0.0022 0.0021 0.0023 0.0024 0.0022
Em rom/mm n/a" 0.0010 0.0007 0.0013 0.0010
a no transverse strain data available
. k d .fkT bl 42 Sa e ummaryo ey response parameters or ull1ac ete pnsms.
I I SNA I SNB I SNC I SND II Average I
feO,MPa 24.9 28.0 26.1 26.5 26.4
(ksi) (3.60) (4.07) (3.79) (3.84) (3.83)
EeO , mm/mm 0.0021 0.0020 0.0021 0.0022 0.0021
EtO , mm/mm 0.0011 0.0004 0.0010 0.0012 0.0009
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IE I s.f rd' k d ·th I 'd'fka e . ummaryo ey response parameters or cyltn ers lac ete WI mu ti Irecuona -gJas
I I CGMIA I CGMlB I CGM2A I CGM2B I
fcc, MPa 33.7 33.2 46.3 42.6
(ksi) (4.88) (4.82) (6.72) (6.18)
primary failure region (M) (M) (T) (T)
Ecc,mmlmm 0.0168 0.0165 0.0185 0.0134 b
(axial gage length) (M) (M) (T) (M,B)
Ecu,mmlmm 0.0208 0.0169 0.0201 0.0134
Eu"mmlmm 0.0178 0.0141 " 0.0110 " 0.0083 "
(axial gage length) (M) (M-RCG) (M-RCG) (M-RCG)
Etu,mmlmm 0.0183 0.0165 0.0110 0.0083
Ejr,mmlmm 0.0192 0.0165 0.0110 0.0083
(strain gage location) (MN) (RCG) (RCG) (RCG)
1)c 1.06 0.85 " 0.59 " 0.62 "
T bl 43 S
" Transverse strain measured only across middle gage length by RCG.
b Clip gage failed in top region before maximum stress achieved.
. k t d . h 1 'd' fIE IfkT bl 44 Sa e . ummaryo ey response parame ers or pnsrns lac e e WIt mu tl Irec Iona -glass.
I I SGMIA I SGMIB I SGM2A I SGM2B I
fcc, MPa 31.3 31.2 32.5 30.9
(ksi) (4.54) (4.53) (4.71) (4.48)
primary failure region (B) (M) (B) (M)
Ecc,mmlmm 0.0031 0.0029 0.0157 " 0.0030
(axial gage length) (B) (M) (T,M) (M)
Ecu,mmlmm 0.0082 0.0079 0.0157 0.0076
Etc,mmlmm 0.0011 0.0015 0.0101 (B) 0.0014
(axial gage length) (B) (M) 0.0061 (T,M) (M)
Etu,mmlmm 0.0033 0.0073 0.0103 0.083
Ejr,mmlmm 0.0035 0.0085 0.0103 0.0130
(strain gage location) (BS) (ME) (BS) (ME)
TIc 0.36 0.52_ - 0.39" 0.47
- .-._.--.
" Clip gage failed in top region before maximum stress achieved.
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I E I~ rd' k d . h 'd'fka e . ummaryo ey response parameters or cyltn ers lac ete WIt um Ifectiona -glass.
I I CGIA I CGIB I CG2A I CG2B I
fc:c,MPa 38.2 38.6 50.6 54.3
-(ksi)_~ ___
-- -
-
---
(5.55) (5.61) (7.34) (7.87)
primary failure region (B) . (T) (T) (T)
Ec:c,mmlmm 0.0112 (B) 0.0148 b O.ol76 0.0187
(axial gage length) 0.0133 (T,M) (M,B) (T) (T)
Ecu,mmlmm 0.0133 0.0154 0.0182 0.0205
Etc ,mmlmm 0.0094" 0.0136 (T) O.ol05 0.0143
(axial gage length) (T,M) 0.0076 (M,B) (T) (T)
Em,mmlmm 0.0094 0.0184 O.ol05 0.0143
Ejr,mmlmm 0.0130 0.0192 0.0114 0.0154
(strain gage location) (TN) (TN) (TE) (TS)
TJc 0.71 " 0.49 b 0.60 ,0.76
T bl 45 S
" Strain gages failed in bottom region before maximum stress achieved.
b Clip gages failed in top region before maximum stress achieved.
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bf r d 'k d 'th 'd'fka e , ummaryo ey response parameters or cyl III ers lac ete WI um Irectiona car on.
I I CCIA I CCIB I CC2A I CC2B I
fcc, MPa 47.8 53.4 65.3 62.7·
(ksi) (6.93) (7.74) (9.47) (9.09)
,
primary failure region (B) (B) (B) (B)
Ecc,mm/mm 0.0130 (B) 0.0158 0.0182 b 0.0148
(axial gage length) 0.0089 (T,M) (B) (T,M) (B)
Ecu,mm/mm 0.0133 0.0158 0.0182 0.0148
Etc' mm/mm 0.0058 a 0.0104 0.0088 (B) 0.0056
(axial gage length) (T,M) (B) 0.0067 (T,M) (B)
Etu,mm/mm 0.0065 0.0104 0.0088 0.0056
Ejr,mm/mm 0.0074 0.0105 0.0117 0.070
(strain gage location) (MS) (BE) (BE) (TE)
11c 0.65 a 0.66 0.37 b 0.38
T bl 46 S
a Strain gages failed in bottom region before maximum stress achieved.
b Clip gages failed in top region before maximum stress achieved.
b. k d ·th 'd'fkT bl 47 Sa e . ummaryo ey response parameters or pnsrns lac ete WI um lrectiona car on.
I I SCIA I SClB I SC2A I SC2B I
fcc,MPa 42.5 39.7 52.6 57.6
(ksi) (6.16) (5.76) (7.63) (8.35)
primary failure region (M) (M) (T) (T)
Ecc,mmlmm 0.0140 0.0125 0.0192 (T) 0.0148
(axial gage length) (M) (M) 0.0225 (M) (T)
Ecu,mmlmm 0.0140 0.0167 0.0192 0.0195
Etc, mm/mm 0.0093 0.0073 0.0062 a 0.0105
(axial gage length) (M) (M) (M) (T)
Etu,mmlmm 0.0093 0.0081 0.0062 0.0110
Ejr,mmlmm 0.0114 0.0093 0.0069 0.0127
(strain gage location) (MN) (MN) (MW) (TW)
11c 0.66 0.58 0.28 a 0.71
a Strain gages failed in top region before maximum stress achieved. (Clip gages in bottom
region also failed before maxi.mum stress achieved.)
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fcc
feu
transverse strain
Strain
jacketed
axial strain
Figure 4.1 Definition of key response parameters for idealized stress-strain plots.
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Figure 4.2 Specimen CNC - axial stress versus strain; (a) top gage length; (b) middle
gage length; (c) bottom gage length; (d) average values across each gage length.
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Figure 4.3 Unjacketed cylinders - axial stress versus strain; (a) Specimen CNA; (b) Specimen CNB; (c) Specimen CNC; Cd) Specimen CND.
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Note: Circumferential strains were measured
by either the radial clip gage (RCG) or
by strain gages (SG).
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Figure 4.4 Unjacketed cylinders - dilation ratio versus axial strain.
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Figure 4.5 Specimen CNC failed in a manner typical of the unjacketed cylinders.
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Figure 4.6 Unjacketed prisms - axial stress versus strain; (a) Specimen SNA; (b) Specimen SNB; (c) Specimen SNC; (d) Specimen SND.
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Figure 4.7 Unjacketed prisms - dilation ratio versus axial strain.
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Figure 4.8 Specimen SND failed in a manner typical of the unjacketed prisms.
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Figure 4.9 Specimen CGM1A -normalized axial stress versus strain; (a) all instrumentation; (b) average values across gage lengths.
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Figure 4.10 Specimen CGMlB - normalized axial stress versus strain; (a) all instrumentation; (b) average values across gage lengths.
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Figure 4.11 Specimens CGM1A and CGMlB - dilation ratio versus
axial strain; (a) Specimen CGM1A; (b) Specimen CGMlB.
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(a)
(c)
(b)
Figure 4.12 Test photographs; (a) CGMIA failed after several strands of fibers ruptured
and debonded from the matrix; (b) close-up of failure region showing ruptured and
debonded strandsnof fibers; (c) CGMlB failed after jacket ruptured near midheight.
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Figure 4.13 Specimen CGM2A - normalized axial stress versus strain; (a) all instrumentation; (b) average values across gage lengths.
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Figure 4.14 Specimen CGM2B - normalized axial stress versus strain; (a) all instrumentation; (b) average values across gage lengths.
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Figure 4.16 Test photographs; (a) CGM2A failed as the jacket ruptured
along the top gage length; (b) close-up of the failure region along the
northeast face; (c) close-up offailure along west face of CGM2B.
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Figure 4.18 Specimen SGMlB - nonnalized axial stress versus strain; (a) all instrumentation; (b) average values across gage lengths.
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Figure 4.19 Specimens SGMIA and SGMlB - dilation ratio versus
axial strain; (a) Specimen SGMIA; (b) Specimen SGMlB.
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Figure 4.20 Test photographs; (a) SGMIA failed along the bottom gage length as
fibers debonded and jacket ruptured; (b) close-up of failed region along south
face; (c) SGMlB failed after jacket ruptured along its southwest corner.
~.-
--.----_.
r,
3 I I I 75
~ I I -160
U5 2
I ~ l~ 1.5 _ TN TN\ 45 ~
~ ~
.N MW BS BN ME ~
j f n ~E 1 ME .. ;TI~ h _ ~ 30 ~
o ' tilZ . ~
2.5
0.5
(a)
transverse strain (tensile) axial strain (compressive)
15
3
2.5
~
~
U5 2
~
'0 1.5
~
.~
iii§
Z
0.5
(b)
B- M~T B ~
-
..._.._.._............_............._~? 'fY M...\......__ ............_-_ .. __ .._-_...........__ .._--_.----_ .....
transverse strain (tensile) axial strain (compressive)
75
60
til
c..
45 ~
::l
l!!
3OU5
iii
~
15
o ' , ! 0
-0.02 -0.01 0 0,01 0.02 0.03
Strain (mmlmrh)
o
-0.02 -0.01 o 0.01
Strain (mmlmm)
0.02
o
0.03
Figure 4.21 Specimen SGM2A - normalized axial stress versus strain; (a) all instrumentation; (b) average values across gage lengths.
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Figure 4.23 Specimens SGM2A and SGM2B - dilation ratio versus
axial strain; (a) Specimen SGM2A; (b) Specimen SGM2B..
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Figure 4.24 Test photographs; (a) SGM2A failed along the northeast comer
withlittle-daImlge elsewhere al<2I!gthe specimen; (b) SGM2Bfailed along
its southwest comer; (c) close-up of rupture along southeast comer.
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Figure 4.26 Specimen CG1B - normalized axial stress versus strain; (a) all instrumentation; (b) average values across gage lengths.
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Figure 4.27 Specimens CGlA and CGlB - dilation ratio versus
axial strain; (a) Specimen CGIA; (b) Specimen CGlB.
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Figure 4.28 Test photographs; (a) CGlA after failure; (b)
CG1B after failure; (c) close-up of CG1B failure region.
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Figure 4.30 Specimen CG2B - normalized axial stress versus strain; (a) all instrumentation; (b) average values across gage lengths.
2,...-------;------;-----...,--------,-----,
(a)
---top
•••••••••• mid
o
~
a:
c:
o]
i:5
1.5 -
1 -
0.5 -
---bot
P
[
p
................
... . .
.- ..
.'
0.006 0.012 0.018 0.024 0.030
2
(b)
1.5 -
0
+::
ro
a:
c: 1 -
0]
i:5
Axial Strain (mm/mm)
---top
•••••••••• mid
---bot
P
....................
....... [P
••••••• # ••••••
•••••••••••• • ••• a'l
I"
0.006 0.012 0.Q18 0.024 0.030
Axial Strain (mm/mm)
Figure 4.31 Specimens CG2A and CG2B - dilation ratio versus
axial strain; (a) Specimen CG2A; (b) Specimen CG2B.
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Figure 4.32 Test photographs; (a) CG2A after failure; (b)
CG2B after failure; (c) close-up of CG2B failure region.
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Figure 4.34 Specimen CClB - normalized axial stress versus strain; (a) all instrumentation; (b) average values across gage lengths.
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Figure.4.35 Specimens CCIA and CClB - dilation ratio versus
axial strain; (a) Specimen CCIA; (b) Specimen CClB.
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Figure 4.36 Test photographs; (a) north face of CCIA after failure; (b) close-up of
failure region; (c) south face of CC1B after failure; (d) close-up of failure region.
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Figure 4.37 Specimen CC2A - nonnalized axial stress versus strain; (a) all instrumentation; (b) average values across gage lengths.
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Figure 4.38 Specimen CC2B - nonnalized axial stress versus strain; (a) all instrumentation; (b) average values across gage lengths.
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Figure 4.39 Specimens CC2A and CC2B - dilation ratio versus
axial strain; (a) Specimen CC2A; (b) Specimen CC2B.
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Figure 4.40 Test photographs; (a) CC2A after failure; (b) some delamination of the lap
splice occurred at the failure region (arrow); (c) CC2B failed along its bottom region.
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Figure 4.41 Specimen SClA - normalized axial stress versus strain; (a) all instrumentation; (b) average values across gage lengths.
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Figure 4.42 Specimen SClB - normalized axial stress versus strain; (a) all instrumentation; (b) average values across gage lengths.
2(a)
1.5 -
0
+='
ell
a:
c 1 -
0
+='~
is
p
---top
---mid
•••••••••• bot
0.006 0.012 0.018 0.024 0.030
Axial Strain (mm/mm)
2,.-------,-----...,...------;-----....,...-----,
1.5 -
o
~
a:
c 1 -
o§
is
(b)
0.006 0.012 0.018
---top
---mid
•••••••••• bot
0.024 0.030
Axial Strain (mm/mm)
Figure 4.43 Specimens SClA and SClB - dilation ratio versus
axial strain; (a) Specimen SClA; (b) Specimen scm.
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Figure 4.44 Test photographs; (a) south face of SCIA after failure;
(b) close-up of failure region; (c) south face of scm after failure.
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Figure 4.45 Specimen SC2A - normalized axial stress versus str-ain; (a) all instrumentation; (b) average values across gage lengths.
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Figure 4.46 Specimen SC2B - normalized axial stress versus strain; (a) all instrumentation; (b) average values across gage lengths.
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Figure 4.47 Specimens SC2A and SC2B - dilation ratio versus
axial strain; (a) Specimen SC2A; (b) Specimen SC2B.
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Figure 4.48 Test photographs; (a) north face of SC2A after failure; (b) close-up of failure
region; (c) SC2B failed as a 25 mm (l in) band ofFRPC wrap fractured (see arrow).
----------====-=--=--:.::.:----:.::.:----=-=--:.::.:-:.::.:---;,:.:--=--======~~~~~~~~~;;J
CHAPTER 5
EXPERIMENTAL PROGRAM FOR FULL-SCALE SPECIMENS /
The second phase of this research involved axial load tests of a series of full-scale steel-reinforced
concrete building columns. Both unjacketed columns and columns jacketed with FRPC materials were
treated in this study. The objective of the tests was to study the axial strength and deformation capacity
enhancements provided by the FRPC jackets. In this report, the unjacketed control columns are referred to
as the "as-built" columns. These columns were designed with transverse reinforcing details typical of
building columns constructed in the United States prior to the 1970's.
The test matrix is described in Section 5.1. Specimen details are presented in Section 5.2, and
fabrication details are given in Section 5.3. The application procedures for the various jacketing materials
are described in Section 5.4. Instrumentation and data acquisition are detailed in Sections 5.5 and 5.6,
respectively. The test procedure followed for each of the specimens is described in Section 5.7.
5.1 TEST MATRIX
The test matrix is presented in Table 5.1 A total of eight 1.83 m(6 ft) tall tied column specimens
were tested, four with 508 mm (20 in.) diameter circular cross-sections and four with 457 mm (18 in.) square
cross-sections. For each cross-section geometry, one unjacketed control specimen was tested along with
three jacketed columns. The same unidirectional E-glass, multidirectional E-glass, and unidirectional carbon
FRPC materials investigated in the small-scale test program were used (refer to Section 3.4). Each of the
jacketed columns was confined by three plies of jacketing. The number of plies selected was based upon a
jacket design for a 508 mm (20 in.) diameter circular column jacketed with the multidirectional E-glass
FRPC. The design was intended to provide a minimum confining pressure, fcon> of 2.4 MPa (350 psi).
Applying the following relationship, it was determined that three plies of this material were required:
where: D =diameter of column;
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ffr =capacity of FRPC jacket (refer to Section 3.5); .
1\:00 = in situ jacket efficiency factor, taken as 0.70 (discussed in Chapter 7); and,
n =number of plies.
____~5=.2':_'S=P~ECIMENDETAILS
Section and elevation drawings of the circular and square cross-section columns are shown in
Figures 5.1 and 5.2, respectively. Circular columns measured 508 mm (20 in.) in diameter, while square
columns had sides of 457 mm (18 in.). All columns were reinforced with a longitudinal steel reinforcement
ratio, p, of approximately 1.5 percent, and a volumetric transverse reinforcement ratio, Pv' of about 0.1
percent. Each specimen is comprised of a center test region that extends for a distance of 1.12 m (44 in.)
over the center region along the column height, and two more heavily confined end regions where load is
applied. Details of the longitudinal and transverse reinforcement are provided in Tables 5.2 and 5.3,
respectively.
5.3 SPECIMEN FABRICATION DETAILS
5.3.1 Construction of Reinforcement Cages and Formwork
Circular Specimens
Each circular column contained eight #7 (dia. =22.2 mm) longitudinal reinforcement bars and #3
transverse ties having lapped anchorages at 16 locations along the height of the column. The longitudinal
bars were tied to the transverse reinforcement at the appropriate locations. As noted above, each column is
divided into a center test region and two heavily confined end regions. The center test region of each column
contained #3 (dia'. =9.5 mm) ties spaced 356 rom (14 in.) on center. The outer diameter of each circular tie
measured 432 rom (17 in.). More heavily confined regions were provided along 381 mm (15 in.) lengths at
each end of the column to prevent bursting or splitting failure in these regions where load was applied. In
these regions, tie spacing was reduced to 50.8 mm (2 in.) and the amount of transverse reinforcement was
increased at each tie location. This was accomplished using hairpin bars (#3 bars bent into a "U" shape)
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rtogether with the circular ties in these regions. As shown in Figure 5.1, two hairpins were overlapped at each
location to form a rectangular tie. Two such ties were stacked on top of one another, with the top rectangle
rotated 90°. This transverse reinforcement configuration enclosed all eight of the longitudinal bars at each
location. All circular ties and hairpin bars were fastened to the longitudinal bars at the appropriate locations
using wire ties.
--------
The circular columns were made using sonotube. The cages were positioned on top of 19 mm (3/4
in.) thick plywood sheet bases. The tube formwork was oiled and then lowered over the reinforcement cages
and held in position using 38 mm (1.5 in.) chairs between the formwork and transverse reinforcement.
Square Specimens
Each square column specimen contained eight #7 (dia. =22.2 mm) longitudinal reinforcement bars
and transverse reinforcement in the form of #3 (dia. =9.5 mm) ties having 90° anchorages at 16 locations
along the height of the column. As with the circular specimens, each square column was divided into acenter
test region and two more heavily confined end regions. Along the center test region, tie spacing was set at
356 mm (14 in.). The end regions of each column were heavily confined relative to the center region to
prevent failure at the loading points. Along the 381 mm (15 in.) heavily-confined end regions, transverse
reinforcement spacing was reduced to 50.8 mm (2 in.) and additional diamond-shaped ties were added to
confme the mid-side bars, as shown in Figure 5.2. All ties were fastened to the longitudinal reinforcement
bars at the appropriate locations using wire ties. Each square tie contained 90° anchorages and had a
minimum extension of 95 mm (3.8 in.), equivalent to 10 tie bar diameters. The outer dimension of each side
of the ties measured 381 mm.
The square columns were made using wood formwork. As with the small-scale specimens described
in Section 3.2, a one-inch wood chamfer strip was secured at each corner of the formwork to provide the
square columns with 45° chamfers. The base of the formwork consisted of 19mm (3/4 in.) thick plywood
sheets. The formwork was constructed so that one side of each column form was initially left unassembled,
providing access for workers to insert and properly align each of the completed reinforcement cages. Once
all cages were in position within the oiled forms, the formwork assembly was then completed.
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5.3.2 Concrete Placement
The cages were in a vertical position when the concrete was poured into the fonns. An overhead
crane and hopper were used to facilitate the process. Concrete was placed and consolidated in each column
-~llfts:1'he concrete was consolIdated by an electric-powered submersion vibrator. The columns
remained in the formwork for 17 days. During this period, the tops of the columns were covered with wet
burlap and plastic sheeting. After this time, the formwork was stripped and the columns were then air-cured.
\ All columns were cast from the same batch of ready-mix concrete. In addition to the columns, a series of
standard 152x305 mm (6x12 in.) concrete cylinders were prepared according to ASTM C 31-90. The
cylinders were cured under the cover of wet burlap and plastic sheeting for seven days, after which time they
were stripped from their molds and air-cured.
5.3.3 Concrete Properties
The concrete compressive strength was determined from tests performed on standard 152x305 mm
(6x12 in.) concrete test cylinders. (Refer to Section 3.2 for cylinder casting, capping, and testing procedures.)
Results of the compression tests are provided in Table 5.4.
5.3.4 Steel Reinforcement Properties
Table 5.5 summarizes the properties of the longitudinal and transverse reinforcement. Tension tests
were conducted on the longitudinal and transverse reinforcing steel according to ASTM A 615-87 to
determine the ultimate and yield strengths of the materials. The tests were performed using a 1334 kN (300
kip) universal testing machine. A clear distance of 305 mm (12 in.) was provided between machine grips
for each test.
5.4 FRPC APPLICATION PROCEDURES
The general mixing and handling procedures for each FRPC material were the same as for the small-
t:)
scale test specimens (refer to Section 3.4). This section describes specific differences in the application
117
procedures as they relate to the full-scale specimens. Also included are comparisons for each material
..
regarding the effects of the relative specimen size on the jacket application.
5.4.1 Multidirectional E-glass
v
The application procedure for the multidirectional E-glass jackets was shown previously in Figure
3.5. The corners of the square specimens were rounded to remove the sharp corners. The concrete surface
was first prepared through light grinding and portland cement patching where needed, as per the small-scale-
specimens. The surface was then cleaned and the primer coat of epoxy resin was applied. The fiber sheets
were cut with lengths of 1.70 and 1.91 m (67 and 75 in.) for the circular and square columns, respectively.
These lengths allow for 102 mm (4 in.) longitudinal laps. Three plies of jacketing were applied to each
column. Because the width of the sheets was less than the full column height, sheets were applied at several
locations along the column height to complete one ply of jacketing. The locations of the seams between
adjacent sheets were varied along the height of the column so that they would not coincide among
consecutive plies. The locations of the longitudinal laps were also varied so that they would not overlap
among consecutive plies. Finally, an additional ply of the FRPC jacket was applied over the heavily confined
381 mm (15 in.) tall end regions to further prevent the likelihood of failure in these regions.
Relative to the small-scale specimens, the increased size of the full-scale column jacket sections,
and thus their increased resin-saturated weight, made proper fiber alignment more difficult and the FRPC
application process more time-consuming. As with the small-scale specimens, the improved handling
characteristics of the multidirectional E-glass fabric resulted in more efficient fiber alignment and overall
application in comparison with the unidirectional E-glass.
5.4.2 Unidirectional E-glass
The application procedure was the same for both E-glass materials. The scale of the specimens
affected the application process differently for the circular and square cross-section columns. For the circular
columns, the increased size and weight of the jacket sections made it more difficult to properly align the fiber
sheets. In general, the heavier the section of material, the more it tended to sag and slip from its initial
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contact position with the column surface. Thus, increased time was required to insure that proper jacket
alignment was achieved as compared to the small-scale specimens.
Unlike the small-scale specimens, the unidirectional E-glass was able to sufficiently bond to the full-
scale square cross-section specimens. This was because the length of the flat sides (neglecting the angled
comers) measured 406 mm (16 in.). In contrast, the small-scale specimens had a corresponding length of
only 102 mm (4 in.). A sufficient bond developed along these lengths, and the FRPC jacket overcame its
tendency to retract from the corners (refer to Section 3.4.1). As with the circular specimens, the weight of
the resin-saturated jacket sections led to difficulties in fiber alignment, which increased the overall
application time as compared to the small-scale specimens.
5.4.3 Unidirectional Carbon
The application procedure for the carbon jackets was shown previously in Figure 3.7. The concrete
surface was prepared through light surface grinding and portland cement patching where needed. The
comers of the square columns were rounded to about a 51 mm (2 in.) radius, as recommended by the material
supplier. The surface area was cleaned, and the primer coat of epoxy resin was then applied. The fiber
sheets were cut into respective lengths of 1.73 and 1.93 m (68 and 76 in.) for the circular and square columns,
as 127 mID (5 in.) longitudinal laps were provided. Three plies of jacketing were applied to the column, and
a fourth ply was added along the 381 mID (15 in.) tall heavily-confined end regions. The sheets were
arranged so that the seams and longitudinal laps did not coincide among successive plies.
The relative size of the specimens did not adversely affect the application procedure. Since the
carbon fiber sheets were applied dry to the resin-coated concrete surface, the increased size of the jacket
sections added only minimal fabric weight. The full-scale specimens were jacketed as easily as the small-
scale specimens, regardless of the column cross-section. The rounded comers on the square columns enabled
the jacket sections to bond well to these regions;
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5.5 INSTRUMENTATION
5.5.1 Unjacketed Specimens
A schematic of the instrumentation used for the unjacketed specimens is shown in Figure 5.3. Load
was recorded from a direct output signal from the test machine. Machine head travel was recorded by an
LVDT connected to the crosshead. Two LVDTs were used to measure axial deformations along 1.12 m (44
in.) nominal gage lengths on the north and south faces of the column. These gage lengths correspond to the
lightly confined center regions described previously in this chapter. As shown in Figure 5.3, the LVDTs
were mounted on level wood blocks which were connected to metal rods which had been cast into the
concrete. These 9.5 mm (0.375 in.) diameter rods were located approximately 356 mm (14 in.) from each
end of the column.
Care was taken to protect the LVDTs from potential contact with exploding debris during the test.
PVC pipe 31.8 mm (1.25 in.) in diameter was bolted to the upper metal rod on each side of the column. The
LVDTs were then fastened into the bottom end of the pipe using plastic screws. The alignments of the pipes
and the LVDTs were checked using a level. The tips of the LVDT cores were then screwed into their proper
locations in the wood blocks. The axial gage lengths were then measured as the center-to center distances
between the leveled rods on either face of the column. The head travel gage length was measured as the
distance from the testing floor to the crosshead. The average displacement reading of the two LVDTs was
used to determine the overall axial strain on the column. The head travel data was used as a back-up in case
one or both of the column LVDTs are damaged.
5.5.2 Jacketed Specimens
Different instrumentation configurations were used for the jacketed circular and square cross-section
columns, as shown in Figures 5.4 and 5.5, respectively. As with the unjacketed specimens, load was
recorded from a direct output signal from the test machine. LVDTs were again used to record head travel
and axial deformation along the north and south column faces. The nominal1.12 m (44 in.) gage lengths
were maintained. For these specimens, the north and south LVDTs were not mounted within PVC pipe.
Instead, they were fastened to a second set of wood blocks which was connected to the upper rod. As shown
-_ .. A20
in Figure 5.4, the LVDT cores were then lowered to contact with thin metal rods, which were epoxied to the
set of lower wood blocks. The tips of the cores were then epoxied to the rods. Before being fixed into
position, the LVDTs, rods, and blocks were all checked with a level to assure their proper alignment.
In addition to axial measurements, transverse deformations were measured by electrical resistance
-strain-gages-mounted-to-the-FRPC-jacket. The strain gageLwer~-ilffix.eJLdir~_cJly.-tp-!Ltbin layer of ep~ _
which had been applied to the jacket and sanded at the individual gage locations. For both cross-sections
tested, measurements were taken at column rnidheight and at 305 rom (12 in.) above and below this level.
For the circular specimens, 12 strain gages were used - four per level. Three were placed on the centerline
of each of the four column faces (Figure 5.4). Fifteen gages were used for the square specimens. Since the
strains along the corners of the square columns were of interest, gages were positioned 76.2 rom (3 in.) from
the corners on two successive column faces at each of the three vertical levels (Figure 5.5). Three additional
gages were positioned along the rnidheight level around the corner at the junction of the two instrumented
faces. Gages were then placed along the centerline of each of the two instrumented faces at each of the three
vertical levels;
5.6 DATA ACQUISITION
The data acquisition systemhad the same configuration as was used for the small-scale test program.
Refer to Section 3.7 for further information.
5.7 TESTING PROCEDURE
All specimens were tested in a 22.2 MN (5000 kip) capacity universal testing machine. Each
column was centered under the crosshead of the machine as shown in Figure 5.6. To assure uniform level
bearing surfaces at the ends of each column, the column was plumbed and the base was first grouted in place
with a layer of hydrostone not exceeding 6.3 rom (1/4 in.) in thickness. After this compound had sufficiently
hardened, hydrostone was then applied to the top of the column in the same manner and the crosshead was
lowered to contact. Thin plastic sheets separated the hydrostone from the steel crosshead and steel testing
I
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floor to prevent potential corrosion of the crosshead or floor from occurring. The hydrostone was allowed
to cure for a minimum of 18 hours before the test was conducted. During the test, monotonically increasing
axial compressive load was applied to the column as the machine crosshead was forced downward under
hydraulic pressure. A load rate of approximately 133 kN (30 kips) per minute was maintained during the
initial elastic portion of the test. After some time and while the column was still demonstrating a linear
stress-strain behavior, an average axial strain rate was calculated. This axial strain rate was then maintained
throughout the remainder of the test.
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Table 5.1 Full-scale test matrix.
ISpecimen I Cross- Dimensions, Height, FRPCJacket Plies of FRPC
Section mm (in.) m (ft) Material Jacketin~
C1 circular dia. = 508 (20) 1.83 none 0
(6)
C2 circular dia. = 508 (20) 1.83 multidirectional 3
® E-glass
C3 circular dia. = 508 (20) 1.83 unidirectional 3
(6) E-glass
C4 circular dia. = 508 (20) 1.83 unidirectional 3
(6) carbon
Sl sguare 457 x 457 1.83 none 0
(18k 18) (6) - - - - - _.----
S2 square 457 x 457 1.83 multidirectional 3
(18 x 18) (6) E-glass -
S3 square 457 x 457 1.83 unidirectional 3
(18 x 18) (6) E-glass
S4 square 457 x 457 1.83 unidirectional 3
(18 x 18) (6) carbon
T b1 52 Lo . d' 1 . f d'la e . ngltu ma rem orcement etm s.
Cross-Section Bar Size No. of Bars As!, mm2 Gross Area, p, %
(imperial) (in2) mm2 (in2)
circular #7 8 3100 202680 1.53
(4.80) (314)
square #7 8 3100 208850 1.48
(4.80) (324)
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Table 5.3 Transverse reinforcement details.
cross-section bar size Atle,mm2 s,mm P., %
(imperial) (in2) (in.)
circular #3 71.0 356 0.185
(0.11) (14)
sguare #3__ --7J~0----356-- _0.1D5~
(0.11) (14)
t tr dT bl 54 Ca e . oncre e CYI m er compreSSIOn es resu ts.
I Cylinder II Age (days) I f't' MPa (psi) I
1 19 24.6 (3570)
2 19 23.9 (3470)
3 26 26.3 (3820)
4 26 25.0 (3620)
5 26 26.0 (3770)
6 33 27.4 (3980)
7 175 31.9 (4630)
8 175 31.1 (4510)
Table 5.5 Reinforcement bar tensile test results.
[];] Area,mm2 Yield Load, Yield Stress, Ultimate Load, Ultimate Stress,Size (in2) KN (kips) MPa (ksi) KN (kips) MPa (ksi)
#7 387 177 457 255 658
(0.60) (39.8) (66.3) (57.3) (95.4)
#3 71 35.8 502 55.6 783
(0.11) (8.00) (72.7) (12.5) (114)
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Figure 5.1 Details offull-scale circular reinforced concrete columns (1 in =254. rom).
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Figure 5.3 Instrumentation details of full-scale unjacketed column (l in =25.4 mm).
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Figure 5.6 Column C3 in 22.2 MN universal testing machine.
130
CHAPTER 6
RESULTS OF FULL-SCALE TEST PROGRAM
This chapter presents results from the full-scale test program. Section 6.1 summarizes the
unjacketed reinforced concrete column tests. Sections 6.2 and 6.3 summarize tests~eted circular --
and square cross-section columns, respectively.
6.1 SUMMARIES OF UNJACKETED COLUMNS
Sections 6.1.1 and 6.1.2 summarize the tests of the unjacketed circular and square cross-section
columns, C1 and Sl, respectively. Each test summary is presented using a similar format which includes the
following:
(1) A plot of axial load. versus axial deformation, where axial deformation is defined as the average
displacement measured by the two LVDTs attached to the column. Several key points in the
response (e.g., first observed cracking of cover concrete and the maximum load, PcO' resisted by the
column) are noted on the plot.
(2) A plot of normalized axial stress versus strain. Stress is normalized by the maximum compressive
stress reached in the concrete. This plot is introduced to be used for later comparisons with jacketed
specimens. All jacketed circular cross-section columns are normalized by the maximum concrete
stress reached in column Cl. All jacketed square cross-section columns are normalized by the
maximum concrete stress reached in Column Sl. Thus, Columns C1 and Sl have normalized
maximum compressive stresses of 1.0. Transverse strains were not measured during the unjacketed
column tests and thus are not plotted. As with the small-scale test program, the transverse strains
determined from strain gage measurements are actually jacket strains, but they are interpreted
throughout most of this report as transverse strains ()f the concrete. Axial strain is defined as the
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average strain measured across the two LVDTs attached to the column. Axial stress is defined as
the compressive stress in the concrete, fe' determined by Equation 6.1 a or 6.1 b as appropriate:
(6.la)
(6.lb)
where: Pe =total axial compressive force on column;
Ee =column axial strain;
Ey =yield strain of longitudinal steel reinforcement;
Ag =gross cross-section area of column;
As =cross-section area of longitudinal steel reinforcement; and,
Atrans =transformed section area, calculated as:
Atrans =Ag - As +As (EslEe) (6.2)
where: Es =modulus of elasticity for steel =200 GPa (29000 ksifand,
Ee =secant modulus determined at 40 percent of maximum load for
concrete =21.9 GPa (3170 ksi), as determined through testing of plain
concrete cylinders.
(3) A summary of the observations recorded during testing, including a detailed description of the
manner of failure.
(4) A series of photographs of the column during and after testing.
Key results from the unjacketed column tests are presented in Table 6.1. Included in this table are
the maximum concrete stress, fcO, and the axial strains at peak stress and at failure, EcO and Ecuo• Failure is
defined for all tests when the specimen had unloaded to 85 percent of fcO• These response values are defined
for an idealized stress-strain plot in Figure 6.1. Also tabulated are the maximum axial load, PcO' and the
modulus of elasticity of the column, E, defined as the secant modulus determined at 40 percent of maximum
load.
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6.1.1 Column C1
Figure 6.2 presents the load-deformation response of Column Cl. Vertical cracking in the cover
concrete was first observed at a load of 6470 kN (1450 kips). Additional cracks formed as the load
increased. The cover concrete spalled at several locations along the poorly-confined middle region of the
column as the maximum resistance was approached. Cl reached a peak resistance of 7480 kN (1680 kips),
then began to offer decreased resistance with an increase in imposed axial deformation. As the column
continued to deform, the longitudinal bars began to buckle and the cover spalling increased. The amount
of spalling increasedw~ the degree of bar buckling until failure (85 percent-of fcO) was reached. By this
point much of the cover was lost, and severe cracking had developed along portions of the core. Cl
continued to unload with increased displacement, and significant bar buckling was then observed along the
south and east faces near rnidheight. The transverse tie located just above column midheight opened at its
900 anchorage along the southeast face. The load then dropped below 2220 kN (500 kips).
Figure 6.3 presents the stress-strain response of Column Cl. The column exhibited a strain "cO of
0.0020 mmlmm at the peak stress fcO of 32.8 MPa (4.76 ksi).
Figure 6.4 is a series of photographs which shows C1 after testing.
6.1.2 Column 81
Figure 6.5 presents the load-deformation response of Column S1. Vertical cracking was first
observed in the concrete cover around the comers of the top region at a load of about 7070 kN (1590 kips).
Cover concrete spalled along the northeast and southwest comers around 7320 kN (1650 kips). S1 reached
a peak resistance of 7340 leN (1650 kips). Shortly after the peak load was reached, the concrete cover spalled
from the southwest comer just below column midheight. From this region, an inclined failure plane
developed along the south face, extending upward to the southeast comer. The tie positioned just below the
spalled southwest region then opened at its 90 0 anchorage near this comer. The adjacent longitudinal bar
then buckled just below column midheight and the column unloaded rapidly. Concrete had also spalled from
the northeast comer, where the longitudinal bar had buckled about 305 rnrn (12 in.) above column midheight.
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from about 6500 kN (1460 kips) to 2340 kN (526 kips).
Beyond the unloading response shown in Figure 6.5, the column exhibited a dramatic decrease in resistance
J
\
Figure 6.6 presents the stress-strain response of Column 81. This figure indicates the sharp drop
off in stress beyond the feO of 31.5 MPa (4.57 ksi). 81 achieved an CeO of 0.0019 mm/mm.
Figure 6.7 is a series of photographs which shows 81 after testing.
6.2 SUMMARIES OF JACKETED CIRCULAR COLUMNS
The summaries of the jacketed circular cross-section columns follow the same general format as the
unjacketed column summaries. However, additional information is provided in each the summary of a
jacketed column as noted below:
(1) The stress-strain plot includes the transverse strain response of the column. This response curve
represents the average transverse strain measured across the middle instrumentation level, which
was the critical region for all three of the jacketed circular columns. Thus each of the transverse
strain responses shown represents the average strain measured by the four strain gages at the middle
instrumentation level.
(2) A plot of normalized axial stress versus transverse strain is provided for each of the three
instrumentation levels (top, middle, and bottom) where strain gages were used to measure transverse
deformations. As described in Section 6.1.1, axial stress is normalized by the maximum
compressive concrete stress of the unjacketed column (C1). The transverse strain responses shown
correspond to individual strain gage measurements. The response of each individual gage is shown,
and the gages at each instrumentation level are"grouped together. Thus, three plots are provided per
column - one for each of the instrumentation levels. Locations of the individual gages are indicated
on an outline of the column cross-section, which is included with each plot.
(3) The dilation ratio measured for each of the three instrumentation levels is plotted versus axial strain.
"The dilation ratio is defined at a given level as the average transverse strain divided by the average
axial strain. The dashed line within the graph denotes the axial strain at peak stress, Ece•
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mm (20 in.) below the top of the column. This buckle in the jacket extended horizontally across the entire
..
western face but did not immediately extend around either of the adjacent corners. Shortly after this initial
buckling was observed, more significant jacket buckling appeared on the south face. The jacket buckled both
at midheight and along a section adjacent to the initial buckled region on the west face. As the load
decreased to 5600 leN (1260 kips), severe jacket buckling occurred on the east face about 356 mm (14 in.)
from the top of the column:
As the load dropped to 5120 leN (1150 kips), a 203 mm (8 in.) tall section ofjacket ruptured at the
southeast corner 380 mm (15 in.) below the top of the column. The rupture surface extended across the entire
east face. Additional rupture surfaces formed and extended towards the south and west faces and around to
the northwest corner, and the load continued to drop. Concrete spalled from the south face at 4000 leN (900
kips) when a longitudinal reinforcement bar appeared to buckle. Additional spalling occurred as successive
bars buckled along the west face at loads of 3220 and 2890 kN (725 and 650 kips).
Figure 6.31 presents the stress-strain response of Column S3. This figure indicates that the
resistance quickly decreased after the peak stress of 35.5 MPa (5.15 ksi) was achieved. However, this
decrease was not as sudden as that for Column S2. The axial strain increased from 0.0025 mrnImm at peak
stress to only 0.0035 mm/mm at failure. Transverse strains of 0.0008 and 0.0025 mrnImrn were measured
at peak stress and failure, respectively.
As Figure 6.32 indicates, the jacket unloaded along the top level, where much of the damage
originated. At this level, the strains near the corner (SW and NW) were greater than those recorded along
the center of the column face. The jacket strains along the middle level recorded the highest average strain
at failure (85 percent of fcc).
Figure 6.33 compares the dilation ratios across the three instrumentation levels. Beyond the peak
stress, this ratio increased along the top and middle levels, but decreased along the bottom. This is supported
by the fact that little damage was observed along the bottom region relative to the top and middle regions of
the jacket.
Figure 6.34 is a series of photographs which shows S3 after testing.
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6.3.3 Column 84: Unidirectional Carbon
Figure 6.35 presents the load-deformation response of Column. S4. As this figure shows, S4
achieved a peak resistance of 8720 leN (1960 kips). Beyond this point, the load decreased by approximately
2220 leN (500 kips), during which little additional axial deformation occurred. With continued imposed axial
displacement, the resistance eventually stabilized around 6400 leN (1840 kips).
Matrix cracking was ftrst observed just after the peak load was reached. As the load decreased to
8140 leN (1830 kips), the jacket buckled at adjacent locations along the south and east faces. This buckling
was centered 813 mm (33 in.) above the base of the-column. A concentration of fibers then ruptured along
the northeast comer approximately 711 mm (28 in.) above the base of the column. This occurred at a load
of 6360 leN (1430 kips). From this location, a rupture surface formed and extended up the northeast comer
along a 254 mm (10 in.) length. This 254 mm tall section, referred to as section "A," then ruptured from the
east face of the column at a load of 6140 leN (1390 kips). A 50 mm (2 in.) tall section then ruptured apart
from the east face directly above section A. This section is referred to as section "B." The rupture initiated
along the northeast comer at a load of 5460 leN (1230 kips). A second 254 mm (10 in.) tall section (section
"c") ruptured at the east face directly above section B. The rupture initiated along the northeast comer at a
load of 5200 leN (1170 kips). As this occurred, a section ofjacket ruptured along the northwest comer. This
rupture surface extended from 406 mm (16 in.) below the top of the column down along an approximate 229
mm length. The load then quickly dropped to 2670 leN (600 kips) and the test was ended.
Figure 6.36 presents the stress-strain response of Column S4. This figure indicates that the
resistance suddenly decreased aft€i: the peak stress of 37.4 MPa:-(5.43 ksi) was achieved. As a result, the
axial and_transverse strains did not increase significantly from their respective values of 0.0021 and 0.0009
mmlmm at the peak stress.
As Figure 6.37 indicates, similar transverse strains were measured at the three instrumentation
levels. Figure 6.38 compares the dilation ratios across the three instrumentation levels. The extraordinarily
large ratio measured beyond the peak stress at column midheight reflects the column's sudden loss of c>
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resistance, as was shown in Figure 6.36. The large dilation ratio also reflects the large transverse strains
along the middle instrumentation level that were measured while the resistance dropped.
Figure 6.39 is a series of photographs which shows S4 at various stages during testing.
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Table 6.1 Summary of key response parameters for unjacketed columns.
I II C1 I 81 I
PeO,kN 7480 7340
(kips) (1680) (1650)
feO , MPa 32.8 31.5
(ksi) (4.76) (4.57)
EeO,mmlmm 0.0020 0.0019
E,GPa 36.8 35.3
(ksi) (5340) (5130)
fkT bl 62 Sa e . ummaryo ey response parameters or clrcu ar co uroos.
I II C1 I C2 I C3 I C4 I
FRPC material none E-glass E-glass Carbon
[00/,±45°] [00] [00]
Pee' kN 7480 8640 9030 11300
(kips) (1680) (1940) (2030) (2530)
fcc,MPa 32.8 36.9 38.9 50.0
(ksi) (4.76) (5.35) (5.64) (7.25)
Ecc,mmlmm 0.0020 0.0031 0.0078 0.0113
Ecu,mmlmm 0.0026 0.0088 0.0095 0.0116
eu"mmlmm n/a" 0.0021 0.0049 0.0069
(gage level) (M) (M) (M)
Etu,mmlmm n/a" 0.0110 0.0065 0.0069
Ejr,mmlmm n/a" 0.0132 0.0087 0.0088
(gage location) (MSE) (MNE) (MN)
11e n/a" 0.67 0.63 0.61
E, GPa (ksi) 36.8 32.5 26.3 32.2
(5340) (4710) (3810) (4670)
" Transverse strains were not measured on the unjacketed columns.
- -~.... ~---_." - ...... --
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ffkT bl 63 Sa e . ummaryo ey response parameters or square co umns.
I II 81 I 82 I 83 I 84 I
FRPC material none E-glass E-glass Carbon
[00/,±45°] [0°] [0°]
Pcc,kN 7340 8490 8270 8720
(kips) (1650) (1910) (1860) (1960)
-
fcc , MPa (psi) 31.5 36.4 35.5 37.4
(4.57) (5.29) (5.15) (5.43)
Ecc,mm/mm 0.0019 0.0016 0.0025 0.0021
Ecu,mm/mm 0.0021 0.0025 0.0035 0.0023
Etc' mm/mm n/a a 0.0009 0.0008 0.0009
(gage level) (T) (1) (1)
Etu,mm/mm n/a a 0.0025 0.0024 0.0029
Ejr,mm/mm n/a a 0.0077 0.0088 0.0068
(gage location) (TNW) (TSW) (TSW)
11c n/a a 0.59 0.32 0.60
E, GPa (ksi) 35.3 39.0 28.9 40.5
(5130) (5650) (4190) (5870)
a Transverse strains were not measured on the unjacketed columns.
_ ... -:;.. __., ....._ ,._,". ~_ ..·_·c· ·__--,.,..-_
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Figure 6.1 Definition of key response parameters for idealized stress-strain plots.
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INTENTIONAL SECOND EXPOSURE
'~
(a) (b)
Figurc 6.4 Column C 1: (a) occurrcncc of SC\UC spalling and rcinforccment bar buckling;
(b) vicw showing incffcctive tranS"crsc rcinforccment (scc arrow),
dc
a: first cracking
b: first spalling
c: pI<C = 7340 kN
d: reDars buckled
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Figure 6.5 Column 81 - axial load versus axial deformation.
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Figure 6.6 Column 81 - normaliied axial stress versus strain.
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Figure 6.11 Column C2 - dilation ratio versus axial strain.
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Figure 6.12 Column C2 - normalized axial stress versus strain (adjusted).
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Figure 6.14 Column C2: (a) column failed as jacket unzipped along southeast face;
(b) close-up of southeast face showing buckled reinforcement bar (see arrow).
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Figure 6.14 Column C2: (a) column failed as jacket unzipped along southeast face;
(b) close-up of southeast face showing buckled reinforcement bar (see arrow).
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Figure 6.15 Column C3 - axial load versus axial deformation.
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Figure 6.16 Column C3 - normalized axial stress versus strain.
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Figure 6.18 Column C3 - dilation ratio versus axial strain.
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Figure 6.19 Column C3: (a) jacket ruptured into several sections at midheight;
(b) close-up of failure zone showing buckled reinforcement bars (see arrow).
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Figure 6.19 Column C3: (a) jacket ruptured into several sections at midheight;
(b) close-up of failure zone showing buckled reinforcement bars (see arrow).
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Figure 6.20 Column C4 - axial load versus axial deformation.
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Figure 6.22 Column C4 - normalized axial stress versus transverse
strain; (a) top level; (b) middle level; (c) bottom level.
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Figure 6.23 Column C4 - dilation ratio versus axial strain.
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(c)
Figure 6.24 Column C4: (a) failure region at midheight; (b) close-up of
failure zone showing buckled reinforcement bars; (c) one of the three
sections ("A") of the jacket which ruptured in succession at midheight.
(a) (b)
(c)
Figure 6.24 Column C4: (a) failure region at midheight; (b) close-up of
failure zone showing buckled reinforcement bars; (c) one of the three
sections ("A") of the jacket which ruptured in succession at midheight.
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a: first matrix cracking
b: Pcc = 8480 kN
c: failure defined
d: jacket buckled along south face
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Figure 6.25 Column S2 - axial load versus axial deformation.
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Figure 6.26 Column S2 - norinalized axial stress versus strain.
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Figure 6.27 Column S2 - normalized axial stress versus transverse
strain; (a) top level; (b) middlelevel; (c) bottom level.
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Figure 6.28 Column S2 - dilation ratio versus axial strain.
169
------------,---------------------------------
--.)
;:)
(a) (b)
Figure 6.29 Column 52: (a) jacket ruptured along northwest corner and then across the west face of
the column; (b) close-up of the northwest corner showing a buckled reinforcement bar (see arrow).
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(a) (b)
Figure 6.29 Column S2: (a) jacket ruptured along northwest corner and then across the west face of
the column; (b) close-up of the northwest corner showing a buckled reinforcement bar (see arrow).
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Figure 6.33 Column 83 - dilation ratio versus axial strain.
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· (a)
(b)
Figure 6.34 Column 83: (a) jacket ruptured along southeast corner
along top instrumentation level; (b) close-up of failure zone showing
the three main ruptured jacket sections and buckled rebar (arrow).
(a)
(b)
Figure 6.34 Column 83: (a) jacket ruptured along southeast corner
along top instrumentation level; (b) close-up of failure zone showing
the three main ruptured jacket sections and buckled rebar (arrow).
a: Pcc = 8720 kN
b: first matrix cracking
c: jacket buckled along S, E faces
d: failure defined
e: rupture propagation along NE comer
f: rupture of section "A" (NE comer)
g: rupture of section "B" (NE corner)
h: rupture of section "G" (NE corner)
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Figure 6.35 Column S4 - axial load versus axial deformation.
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Figure 6.37 Column S4 - normalized axial stress versus transverse
strain; (a) top level; (b) middle level; (c) bottom level.
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Figure 6.38 Column 84 - dilation ratio versus axial strain.
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(a)
(b)
Figure 6.39 Column S4: (a)-three sections ofjacket ruptured along the northeast corner;
(b) close-up of northwest comer near top of column showing additional jacket ruptures.
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(b)
Figure 6.39 Column 84: (a) three sections of jacketruptureualbfig"the'northeastcorner;
(b) close-up of northwest corner near top of column showing additional jacket ruptures.
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CHAPTER 7
DISCUSSION OF RESULTS
This chapter discusses the results of the small-scale cylinder and prism tests, and the full-scale
reinforced concrete column tests, which were presented in Chapters 4 and 6, respectively. Sections 7.1 and
7.2 discuss the influences of FRPC jacket properties and of specimen cross-section geometry, respectively,
on specimen behavior. Section 7.3 discusses the disparities between jacket properties determined through
coupon testing versus in situ jacket properties in terms of jacket efficiency factors. Section 7.4 discusses the
influence of jacket properties on dilation ratio, as well as how dilation affects specimen behavior. Section
7.5 compares the observed behavior of selected specimens with responses predicted by the VCCM, which
was discussed in Chapter 2. Implications of this research on the design of FRPC jackets are discussed in
Section 7.6. Finally, Section 7.7 summarizes the chapter.
7.1 INFLUENCE OF JACKET PROPERTIES
The strength and stiffness properties of the FRPC jacket materials, ffr and Ers, respectively, were
introduced in Section 3.5. These properties limit the maximum amount of confining pressure, feon' that a
given jacket can generate, as shown in Equations 7.1 and 7.2:
where: n
D
2n-f =-f
con D fr
=number of plies of the FRPC jacket;
=specimen diameter (or width for square cross-section); and
(7.1)
(7.2)
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Err = FRPC material rupture strain.
As indicated in Section 2.5, increased specimen strength results from an increase in confining pressure. It
thus follows that increasing the amount of confining pressur~ through increasing eitherf fr or~ will enhance
the strength of a confined specimen. These properties are functions of the jacket material itself. Greater
confining pressure (and thus enhanced behavior) can also be achieved by increasing the number of plies, n.
This section examines how f rr , Efs' and n influence the behavior of confined specimens. Section
7.1.1 treats the plain concrete cylinders and prisms, an_~~~n 7.1.2 treats the full-scale reinforced concrete
7.1.1 Cylinders and Prisms
Tables 7.1 and 7.2 compare key response parameters for the jacketed cylinders and prisms,
respectively. These response parameters were defined previously in Chapter 4. The values presented are
averages of the results for the two replicate specimens. Thus they do not correspond directly to the stress-
strain plots of individual specimens which appear in Figures 7.1 through 7.5, and in Figures 7.8 and 7.9.
Also presented in Tables 7.1 and 7.2 are ratios of the key response parameters of the jacketed specimens to
the unjacketed plain concrete control specimens.
Figures 7.1, 7.2, and 7.3 show the normalized stress-strain response of each of the specimens
jacketed with multidirectional E-glass, unidirectional E-glass, and unidirectional carbon, respectively. In
these figures, axial stress is normalized by the average strength of the unjacketed specimens (either cylinders
or prisms). The axial strain plotted for each specimen is the largest of the average strains calculated for the
three axial gage lengths (refer to Chapter 4). The transverse strain curve plotted for each specimen is the
strain measured by the individual strain gage nearest to the failure region of each specimen. It is noted that
for some specimens, the strain gage nearest to this region failed before the maximum stress was achieved.
In these instances, gages adjacent to the failure regions were plotted instead.
Influence ofNumber ofPlies
As Figure 7.1(a) shows, each of the cylinders jacketed with multidirectional E-glass exhibited a bi-
linear stress-strain response. Strengths of 1.3 and 1.7 times that of unjacketed concrete cylinders were
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achieved for on~ and two plies of jacketing, respectively. Similar axial strains at peak axial stress (eee) of
~ about 7.5 times that of the unjacketed cyliPders were achieved despite the significant difference in the jacket
strains among the one and two-ply cylinders. The failure modes differed among the cylinders. Rupture and
...,J
debonding of isolated fiber strands from the FRPC jacket occurred for Specimens CGMIA and, to a lesser
extent, CGMlB before the jacket ruptured. In contrast, large regions of the FRPC jackets of CGM2A and
CGM2B ruptured suddenly.
As Figure 7.1 (b) indicates, each of the prisms jacketed with multidirectional E-glass achieved a
strength of about 1.2 times that of the unjacketed prisms. However, both the axial and transverse strains at
peak stress (eee and ~e) were significantly greater for the two-ply prisms than for those with one ply of
jacketing. As with the multidirectional E-glass cylinders, some fiber strands ruptured and debonded from
the FRPC jackets for the prisms with one-ply.
Figure 7.2 shows that each of the cylinders jacketed with unidirectional E-glass exhibited a bi-linear
stress-strain response. Strengths of 1.5 and 2.0 times that of the unjacketed cylinders were achieved for one
and two plies of jacketing, respectively. The two-ply cylinders achieved an eee 1.4 times that of the one-ply
cylinders, despite reading a smaller Cic. The'failure modes were generally similar for each of the specimens
independent of the number of plies of jacketing.
Figure 7.3(a) shows that each of the cylinders jacketed with unidirectional carbon exhibited a bi-
linear stress-strain relationship. Strengths of 1.9 and 2.4 times that of the unjacketed cylinders were acmdEd--'l
for one and two plies of jacketing, respectively. The two-ply cylinders achieved an eee and an ~e
approximately 1.2 times that of the one-ply cylinders. Although each of the specimens exhibited a significant
enhancement in eee relative to the unjacketed cylinders, the actual failures themselves were sudden and
explosive.
Figure 7.3(b) shows that strengths of 1.6 and 2.1 times that of the unjacketed prisms were achieved
. for one and two plies of carbon jacketing, respectively. The one and two-ply·prisms achieved eee values of
6.3 and 8.1 times that of the unjacketed prisms, respectively, despite achieving similar ~e values. The failure
modes were generally similar for each of the specimens independent of the number of plies of jacketing.
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Figure 7.4 shows the stress-strain response of representative cylinders jacketed with each of the
three FRPC materials. Each of the specimens exhibited a bi-linear stress-strain response. As this figure and
Table 7.1 indicate, the maximum compressive strength (fcc) increases as f r,and E dncrease. For the
cylinders with one ply of jacketing (Figure 7.4(a», the average ~c and ~u varied inversely with Ers.
There did not appear to be any such relationship between Ers and either axial or transverse
deformation capacity among the cylinders with two plies of jacketing. As Table 7.1 and Figure 7.4(b) show,
the carbon and multidirectional E-glass cylinders achieved comparable levels of axial and transverse strain.
The unidirectional E-glass cylinders achieved the greatest levels of both axial and transverse strain.
Figure 7.5 shows the stress-strain response of representative prisms jacketed with multidirectional
E-glass and unidirectional carbon. (Recall that the unidirectional E-glass could not be applied to the prisms.)
As this figure and Table 7.2 indicate, the carbon jackets significantly enhanced the strength and axial and
transverse strain capacities of the prisms relative to the E-glass jackets for both one and two plies of material.
, .The prisms jacketed with E-glass unloaded after reaching an initialpeak stress. In contrast, the increased
confining pressure provided by the carbon jackets resulted in bi-linear stress-strain behavior. It is again
noted that (1) carbon has a much greater f fr and Ers than multidirectional E-glass, and (2) the comers of the
carbon prisms were rounded to about a 25 rom (1 in.) radius, while the comers of the E-glass prisms were
formed at 45 degree angles via chamfer strips. The effects of comer radii are discussed in Section 7.3.
7.1.2 Columns
Tables 7.3 and 7.4 compare key response parameters for the circular and square cross-section
columns, respectively. These response parameters were defined previously in Chapter 6. Comparisons are
presented in the form of ratios of the response parameters of the jacketed columns to that of the unjacketed
control columns. Since each of the column jackets consisted of three plies of material along the test region,
the jacket properties are a function of the FRPC material itself.
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Figures 7.6 and 7.7 compare the stress-strain response of the circular and square cross-section
columns, respectively. These figures are presented in the same format as the stress-strain plots for the
individual column tests in Chapter 6.
As Figure 7.6 and Table 7.3 show, the fcc and Ecc for the circular columns increased with f rr and Br,.
Strengths ranged from 1.2 to 1.5 times that of the unjacketed column, Cl, while axial strains at peak stress
ranged from 1.6 to 5.7 times that of Column C1. The transverse strains at failure (~u) tend to decrease with
decreasing Br,. While Columns C3 and C4 exhibited bi-linear stress-strain responses, C2 unloaded after
reaching an initial peak stress. It then stabilized and demonstrated considerable post-peak deformation
capacity. Each of the columns experienced a relatively sudden failure, as longitudinal reinforcement bars
buckled after sections of the jacket had ruptured.
As Figure 7.7 and Table 7.4 show, each of the jacketed square columns achieved strengths between
1.1 and 1.2 times that of the unjacketed Column, S1. Each column rapidly unloaded after achieving its peak
stress even though the FRPC jackets.were still relatively undamaged. The responses then began to stabilize
(to varying extents) before sudden failures occurred. This behavior is explained section 7.3.2. In each case,
jacket failure initiated along a corner and was followed directly by the buckling of longitudinal reinforcement
bars. Due to the sudden drop in resistance beyond the peak stress, the axial strain capacity of each of the
columns was not increased significantly.
7.2 INFLUENCE OF CROSS-SECTION GEOMETRY
7.2.1 Cylinders and Prisms
. Figures 7.8 and 7.9 compare the responses of the cylinders and prisms jacketed with multidirectional
E-glass and unidirectional carbon, respectively. The responses of the cylinders and prisms differed
significantly. Cylinders typically exhibited bi-linear stress-strain behavior and failed in a sudden manner
directly after the peak stress was achieved. In contrast, the prisms generally experienced a gradual unloading
after an initi:u peak resistance was reached. The difference in response between similarly-jacketed circ~lar
and square SpeciI11ens demonslrates the concept of "effective confinement" Well-cohfirted concrete exhibits -
an essentially bi-linear stress-strain response, while concrete having lower levels of confinement exhibit
considerable deformation capacity although the load carrying capacity deteriorates. In this case the circular
specimens are effectively fully confined while the square specimens are partially confined. As such,
fundamentally different axial stress-strain behaviors are exhibited.
As Figure 7.8(a) and Tables 7.1 and 7.2 indicate, one ply of multidirectional E-glass jacketing
provided the cylinders and prisms with similar strength enhancements. However, the cylinders achieved axial
strains at peak stress and failure which were 5.6 and 2.3 times that of the prisms, respectively. The cylinders
also achieved significantly greater jacket strains both at peak stress and at failure. The cylinders with two
plies of multidirectional E-glass jacketing achieved strengths 1.7 times that of the two-ply prisms. Figure
7.8(b) shows that the cylinders also demonstrated greater axial strain capacities, though relatively similar
jacket strains were achieved. While SGM2A and SGM2B were able to recover some load capacity during
the post-peak response, SGMIA and SGMlB did not. Jacket failure initiated primarily along the comers of
each specimen, where the stresses are greatest along the cross-section. Since the comers were not rounded,
the edges may have introduced stress concentrations in the FRPC jacket.
As Figure 7.9 and Tables 7.1 and 7.2 indicate, the cylinders and prisms jacketed with unidirectional
carbon achieved similar axial strains as well as similar jacket strains. For both one and two plies ofjacketing,
the cylinders had strengths of approximately 1.2 times that of the corresponding prisms. The cross-section
geometry did not appear to significantly influence the behavior of the specimens. Both the cylinders and the
prisms exhibited bi-linear stress-strain behavior. All specimens generally failed suddenly when the jackets
ruptured. The main reason why the cylinders and prisms behaved in a similar manner was that the comers
of the prisms were rounded to approximately a 25 mm (1 in.) radius. This resulted in an approximately
circular cross-section, given the scale of the specimens.
7.2.2 Columns
Figure 7.10 compares the responses of the circular and square cross-section columns, having the
same type of FRPC jacket. Columns C2 and S2 achieved similar strength enhancements, as did Columns
, ,
C3 and S3. Only Columns C4 and S4 experienced a significant difference in strength, as C4 achieved a peak
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7.6 IMPLICATIONS FOR FRPC JACKET DESIGN
7.6.1 Design Process
Column retrofits utilizing FRPC jackets are designed to provide enhancement of strength,
deformation capacity, or a combination of both. The designer's task is to determine what jacket properties
are required to provide a column with sufficient confinement to realize these enhanced strength 'and
deformation capacities. Outlined below are proposed general procedures that should be followed to design
for given enhancements in strength or deformation capacity. For each scenario, it is assumed that the basic
column parameters (feO, dimensions) and the mechanical properties of the FRPC materials (Err' f rr, Bfs) are
known.
Design for a Given Deformation Demand, GD cu
The designer first selects an FRPC jacket material with a given Err. For a given column deformation
demand, Eocu' the maximum allowable dilation ratio, Tlou' is determined:
(7.9)
This expression assumes that: (1) the average jacket strain at failure is the same as the transverse (dilation)
strain; (2) the in situ jacket rupture strain is the average jacket rupture strain at failure; and (3) the in sitiI
jacket rupture strain is the same as the fiber rupture strain from coupon tests, Err' The designer then
determines the required f rr or Br of the jacket based upon TI uand a relationship similar to those presented
in Figures 7.13 or 7.15, respectively, as well as upon the column dimensions and concrete strength.
Design for a Given Strength Demand, fD cc
The designer first determines the confining pressure, fcon' required to obtain the desir~d column
strength, focc' from a model of confined concrete behavior. For example, using Richart's model:
(7.10)
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where: fcO =strength of unconfined concrete.
The designer then determines the required jacket strength. For example, for a circular column:
~
(7.11)
where: n
D
=number of plies of material; and,
=column diameter.
Such generalized procedures allow considerable latitude in the selection of appropriate response
parameters and models for the behavior of confined concrete. Furthennore, design is essentially independent
of selection of FRPC materials, allowing alternative FRPC materials to be investigated.
7.6.2 Significance of K E
Tables 7.5 and 7.8 and Figures 7.16 through 7.18 demonstrated that the jacket strain efficiency
factor, K., must be considered in the modeling of FRPC jacketed columns. This factor affects retrofits
designed to enhance a column's deformation capacity. The designer assumes a value for K,; and reduces the
average strain in the jacket at failure accordingly:
where: £ju =adjusted jacket rupture strain.
(7.12)
This results in a reduced value of TID u for a given ED cu:
The smaller value of will require larger values ofTer and Efs (refer to Figures 7.13 and 7.15).
(7.13)
...-;.
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7.6.3 Significance of K eon
Differences between the observed and predicted fcc of specimens were associated with a jacket
stress efficiency factor, Keon' Hence, jacket stress efficiency must be considered in designing FRPC jacket
retrofits. This can be accomplished by assuming an appropriate value for Keon' which increases the required
confinement, fDcon' accordingly. For example, using Richart's model:
where: fDcc
f = _1_ fDee - fcO
Deon K- 41
con .
=column strength demand.
(7.14)
.This results in an increased required fcon' which in tum results in a larger required value of f rr (refer to
Equation 7.1).
7.6.4 Significance of Ks
It has been demonstrated that jackets for columns with square and rectangular cross-sections
perform less efficiently than jackets for columns with circular cross-sections. The column shape factor, 1Cs,
adjusts for this disparity by reducing the area of the concrete to only that which is effectively confined. This
factor should therefore be included in the modeling of FRPC jacketed columns.
7.7 SUMMARY
This chapter discussed the results of the small-scale cylinder and prism tests and the full-scale
reinforced concrete column tests, which were presented in Chapters 4 and.6, respectively. Section 7.2
demonstrated that increased jacket strength and stiffness result in improved specimen behavior. Section 7.3
showed that cross-section geometry can significantly affect the performance of jacketed specimens, as
jackets for square cross-sections are not as efficient as those for circular cross-sections. The shape factor,
1Cs, should thus be incorporated into the modeling of jacketed specimens. Section 7.4 proposed the jacket
stress and strain efficiency factors, Keon and K", respectively, to account for the disparity.Q~tween in situ j!icket
,.~. _'~;'_'~"_""_~"."'-:,~".,~ __~ ••~~ .._ ...•.. ~.~,u__.....'_"'."'_'~ __ "~'-'.~_"."""~.~....t: ....._'"~..~"...."..,.."._~........~.,_.~l"";;:.~;~ - .:-,.~.•. -. .. ",;,;",,,,,,",,, .--- ,.--- - .... .•
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properties and reported jacket properties derived from coupon tests. Section 7.5 indicated that increased
,
jacket strength and stiffness result in reduced dilation. As Figure 7.12 indicated, reduced dilation results in
improved stress-strain behavior. It is thus critical that FRPC jackets are designed to provide adequate
confining pressure at low levels of axial strain, thereby controlling column dilation. Section 7.6 compared
observed specimen behavior with responses predicted by the VCCM on the basis of both the Mander et al.
and Richart et aI. predictions for the strength of constantly confined concrete. These comparisons showed
directly that unless ~ is incorporated into the modeling of FRPC jacketed columns, column deformation
capacity enhancements are over-predicted. Section 7.6 discussed that Keon must also be considered in the
modeling of FRPC jacketed columns to avoid over-predictions of column strength enhancements. Finally,
Section 7.7 related the findings of this study to the design of FRPC jacket retrofits.
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f . k d I'dfkT bl 71 Ca e . ompanson 0 ey response parameters rom lac ete cylm ers.
E-glass E-g1ass E-g1ass E-g1ass. Carbon Carbon
[00/~45°] [00/±450] [0°] [0°] [0°] [0°]
number of 1 2 1 2 f 2
plies
"
2nfrJD,MPa 4.34 8.68 5.04 10.08 7.63 15.26
2nErs lD, MPa
\
181 362 266 532 509 1018
Err' mmlmm 0.024 0.024 0.019 0.019 0.015 0.015
fcc, MPa 33.5 44.5 38.4 52.5 50.6 64.0
(ksi) (4.85) (6.45) (5.57) (7.61) (7.34) (9.28)
tcc,mmlmm 0.0167 0.0160 0.0130 0.0182 0.0144 0.0165
tcu,mmlmm 0.0189 0.0168 0.0144 0.0194 0.0146 0.0165
~,mmlmm 0.0160 0.0097 0.0115 0.0124 0.0081 0.0072
Etu' mmlmm 0.0174 0.0097 . 0.0139 0.0124 0.0090 0.0072
0.82
11u 0.96 0.61 0.68 0.66 0.38
normalized key response parameters
fcJfeO 1.28 1.70 1.47 2.00 1.93 2.44
tee/teO 7.59 7.27 5.91 8.27 6.55 7.50
~/f.w 16.0 9.7 11.5 12.4 8.1 7.2
feO =26.2 MPa (3.80 ksi)
EeO =0.0022 mm1mm
EtO = 0.0010 mm1mm
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f . k d .fkT bI 72 Ca e . ompanson 0 ey response parameters romJac ete pnsms.
E-glass E-glass Carbon Carbon
[OO/±450] [oo/±45°] [0°] [0°]
number of plies 1 2 1 2
2nfrr/D, MPa 4.34 8.68 7.63 15.26
2nEr../D,MPa 181 362 509 1018
Err,mm/mm 0.024 0.024 0.015 O.oI5
fcc' MPa 31.3 31.7 41.4 55.1
(ksi) (4.53) (4.60) (5.96) (7.99)
Ecc,mm/mm 0.0030 0.0094 0.0133 0.0170
Ecu,mm/mm 0.0081 0.0117 0.0154 0.0194
Etc,mm/mm 0.0013 0.0058 0.0083 0.0090
Etu,mm/mm 0.0053 0.0093 0.0087 0.0092
normalized key response parameters
fcc/fd] 1.19 1.20 1.56 2.09
Ecc/Ed] 1.43 4.48 6.33 8.10
Et.JEto 1.44 6.44 9.22 10.00
fd] =26.4 MPa (3.80 ksi)
Ed] =0.0021 mm1mm
~o =0.0009 mm1mm
_C'._ ••,~, .. ~•• _
--- --~-,-~-~._-- . ..,
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T bl 73 Sf'a e ummary 0 Clrcu ar co umns.
I II 'Cl I C2 -I C3 I C4 I
FRPC material none E-glass E-glass Carbon
[0 0 /1.45 0 ] [0 0 ] [0 0 ]
2nfrJD,MPa nJa 3.90 4.52 6.85
2nErs lD,MPa nJa 163 239 457
.'
-
Err,mmlmm nJa 0.024 0.019 0.015
Pc.,/(Pa: for Cl) 1.00 1.16 1.21 1.51
fa:/(fcc for Cl) 1.00 1.12 1.19 1.52
Ecc/(Ea: for Cl) 1.00 1.55 3.90 5.68
Ecu/(Ecu for Cl) 1.00 3.42 3.70 4.51
Etc nJa" 0.0021 0.0049 0.0069
Em nJa" 0.0110 0.0065 0.0069
11c nJa" 0.67 0.63 0.61
E/(E for Cl) 1.00 0.88 0.71 0.87
" Transverse strains were not measured on the unjacketed Column C1.
_ ..._.~._. "T _ •••__~....-~_~__._.....------_..---
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T bl 74 S fa e urnmary 0 square co umns.
I II S1 I S2 I S3 I S4 I
FRPC material none E-glass E-glass Carbon
[00/;t45°] [0°] [0°]
20frrID, MPa n/a 4.33 5.03 7.61
20Ers ID, MPa n/a 181 265 508
Erz., mm/mm n/a 0.024 0.019 Om5
PcJ(Pcc for S1) 1.00 1.16 1.13 1.19
fcc/(fcc for S1) 1.00 1.16 1.13 1.19
Ecc/(Ecc for S1) 1.00 0.81 L28 1.10
Ec,/(Ero for S1) 1.00 1.18 1.68 1.11
Etc n/a a 0.0009 0.0008 0.0009
Em n/a a 0.0025 0.0025 0.0024
E/(E forS1) 1.00 1.10 0.82 1.14
a Transverse strains were not measured on the unjacketed Column S1.
""~,,_.,,r-..~_-"~-"~~··-'--""-··"-"'-·~·~"-""'"'"c;,::-"··-~-~"-~.._._--_.~.~--~-,..~_ ..-.~--_ .._~-"---_._.~_._--_ ..-_.-_ _ ..
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. ffi'f' kT bI 75 Ca e . ompanson 0 lac et stram e lClency.
I FRPC Material \\.1 Specimen I EJu,mmlmm I Err,mmlmm I K" I
CGM1A 0.0192 0.80
CGMlB 0.0165 0.69
C2 0.0109 0.46
E-g1ass SGM1A 0.0035 0.024 0.15
[00/±45°]
SGMlB ·0.0167 0.35
SGM2A 0.0103 0.43
S2 0.0051 0.21
CG2A 0.0114 0.60
E-g1ass [0°] CG2B 0.0154 0.019 0.81
C3 0.0065 0.34
S3 0.0085 0.45
CClB 0.0105 0.70
CC2B 0.0070 0.47
Carbon [0°] C4 0.0070 0.015 0.46
SC1A 0.0114 0.76
SClB 0.0093 0.62
S4 0.0059 0.39
-,-.-.-"-:--- -.
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ffJ"f iackTable 7.6 C ,-~_ ..- .
Isp~,=n I l\Iaterial Properties' Mander et al. Richart et al.n D, 2nfr/D, 1l'""MPa K,
f r"
- Ers , MPa f~, con' fR con'mm Brr' KMron KR("'l)fl
N/(mmoply) mm/mm kN/(mmoply) MPa MPa
CGMlA I 152 330 0.024 13.8 4.34 33.7 1.00 1.20 0.28 1.83 0.42
CGMlB 1 152 330 0.024 13.8 4.34 33.2 1.00 1.11 0.26 1.71 0.39
CG2A 2 152 383 0.019 20.2 10.08 50.6 1.00 4.94 0.49 5.95 0.59
CG2B 2 152 383 0.019 20.2 10.08 54.3 1.00 6.01 0.60 6.85 0.68
CClB I 152 580 0.015 38.1 7.63 53.4 1.00 5.74 0.75 6.63 0.87
CC2B 2 152 580 0.015 38.1 15.26 62.7 1.00 8.83 0.58 8.90 0.58
C2 3 508 330 0.024 13.8 3.90 36.9 1.00 0.62 0.16 1.00 0.26
C3 3 508 383 0.019 20.2 4.52 38.9 1.00 0.94 0.21 1.49 0.33
C4 3 508 580 0.015 38.1 6.85 50.0 1.00 3.00 0.44 4.20 0.61
SGMIA I 152 330 0.024 13.8 4.34 31.3 0.70 3.33 0.77 4.40 1.01
SGMlB I 152 330 0.024 13.8 4.34 31.2 0.70 3.30 0.76 4.36 1.00
SGM2A 2 152 330 0.024 13.8 8.68 32.5 0.70 3.74 0.43 4.814 0.55
SClA 1 152 580 0.015 38.1 7.63 42.5 0.70 8.00 1.05 8.37 1.10
SClB 1 152 580 0.015 38.1 7.63 39.7 0.70 6.67 0.87 7.39 0.97
S2 3 457 330 0.024 13.8 4.33 36.4 0.53 1.45 0.33 2.21 0.51
S3 3 457 383 0.019 20.2 5.03 35.5 0.53 1.34 0.27 2.05 0.41
S4 3 457 580 0.015 38.1 7.61 37.4 0.53 2.26 0.30 3.27 0.43
IV
o
IV
• Manufacturer's data.
d' d . 1dT bI 77 VCCM'a e . mput parame ers use to generate pre lete axla stress-stram responses.
~I feO , I n I D, IkN/(~~.pIY) I teo I l1u IMPa mm mmlmm
CGMIA 26.2 1 152 13.8 0.024 0.93
CGMIB 26.2 1 152 13.8 0.024 1.02
CG2A 26.2 2 152 20.2 0.019 0.56
CG2B 26.2 2 152 20.2 0.019 0.63
CelB 26.2 1 152 38.1 0.D15 0.66
CC2B 26.2 2 152 38.1 0.D15 0.38
C2 32.8 3 508 13.8 0.024 0.80
C3 32.8 3 508 20.2 0.019 0.55
C4 32.8 3 508 38.1 0.015 0.61
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heVCCMdTable 7.8 C ____ ~_________ . ________ . ____ ~___ .. __ . __ . __..___ ._ .. _______ ~ s~ eClmens USIng t
Observed Mander et a!. Richart et a1.
Response
EJ=EJK, Err = E,/K,Specimen EJ=i!; EJ=E,
fcc , Ecu , fcc , Scu , fcc' Ecu ' fcc , Ecu ' fcc , Ecu ,
MPa mm/mm MPa mm/mm MPa mm/mm MPa mm/mm MPa mm/mm
CGMIA 33.7 0.0208 43.4 0.0260 45.1 0.0208 37.7 0.0260 39.5 0.0208
CGMlB 33.2 0.0169 44.1 0.0234 46.3 0.0168 38.4 0.0234 40.9 0.0168
CG2A 50.6 0.0182 64.3 0.0340 67.2 0.0186 67.4 0.0340 70.0 0.0186
CG2B 54.3 0.0205 65.2 0.0300 67.1 0.0204 68.3 0.0300 70.0 0.0204
CClB 53.4 0.0158 57.3 0.0224 58.6 0.0156 54.9 0.0224 56.4 0.0156
CC2B 62.7 0.0148 73.0 0.0392 75.5 0.0146 85.6 0.0392 84.6 0.0146
C2 36.9 0.0137 43.2 0.0300 50.8 0.0136 35.4 0.0300 43.8 0.0136
C3 38.9 0.0118 47.2 0.0342 54.7 0.0116 39.8 0.0342 49.8 0.0116
C4 50.0 0.0114 59.6 0.0246 63.7 0.0114 53.9 0.0246 59.1 0.0114
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CHAPTER 8
CONCLUSIONS AND FUTURE RESEARCH
8.1 SUMMARY
---- -- ------ ---
--------------- -----
This study investigated the behavior of FRPC jacketed plain and reinforced concrete specimens
subjected to uniaxial compression. Small-scale plain concrete specimens and full-scale reinforced concrete
columns with both circular and square cross-sections were tested. Three different FRPC materials were
investigatea.-Bolli()ne aildtwo-plies ofmaterial were applied to the small-scale specimens; while each of
the full-scale column jackets consisted of three plies of material.
The influences of jacket properties and cross-section geometry on axial strength and deformation
capacity as well as on jacket stress-strain behavior and failure modes were investigated. Apparent disparities
between in situ jacket properties and material properties determined through coupon testing were discussed,
and factors to account for these disparities were proposed. A correlation between concrete dilation and
specimen behavior was established, as was the relationship between concrete dilation and jacket properties.
The behavior of selected specimens was modeled and compared with their observed behavior. Finally,
design implications resulting from this study were discussed.
8.2 CONCLUSIONS
The following conclusions are made from this study:
(1) Enhancements in axial strength and deformation capacity are proportional to jacket strength and
stiffness.- Jacket strength and stiffness are a function of the FRPC material itself as well as of the
number of plies of material that comprise the jacket.
(2) Cross-section geometry significantly influences the stress-strain response of FRPC jacketed
specimens. The j ackets provided to square cross-sectionswere not as efficient as those provided
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to circular cross-sections, as square crosS-sections contain regions of ineffectively confined
concrete and concentrate jacket stresses at their comers. A shape factor, 1(" is used to account for
-----------ineffeetively-eonfined-regions-of-eoncrete-within-the-eross-seetion-of-square-or-rectangular--
members. '
(3) The confinement provided by FRPC jackets serves to limit the level of concrete dilation to a given
value, 11u' This limit decreases as the FRPC jacket strength (nf ~ and stiffness (nE dincrease.
Reduced levels of concrete dilation result in improved specimen behavior in terms of enhancements
in axial strength and deformation capacity.
(4) In order to adequately control concrete dilation, a jacket must be sufficiently stiff to provide
confining pressures at relatively low levels of axial strain. This results in an essentially bi-linear
stress-strain response with significantly improved strength and deformation capacities.
(5) In situ jacket stress and strain capacities (fjr and Ejr) are inferior to stress and strain capacities
obtained from tension tests of coupon specimens (ffr and Ee,). Two jacket effieiency factors are
proposed to account for these disparities. The jacket stress efficiency factor, Keon' is defined as the
ratio of the in situ confining pressure to the theoretical maximum confining pressure a given jacket
can provide to a given specimen. The jacket strain efficiency factor, K", is a ratio of the average in
sitU jacket strain at failure (Eju) to the material rupture strain (Err). This factor is a function of both
local strain concentrations within the jacket as well as poor in sitU jacket properties that result from
material handling, misalignment of fibers, etc.
(6) The design of FRPC jacket retrofits can be accomplished by relating the demands in column
strength (fcc) and deformation (E cc) to confining pressure (fcon)' For fcc demands, the required fcon
is determined and related to fe, using a model of confined concrete behavior (e.g., Mander et al.,
1988). For deformation demands, the Ecc is related to the dilation ratio, 11u' based upon the in situ
jacket strain capacity. Using this 11u' a required fcon is determined, thus defining a required fe, and
.~_...•-~ ._.----
·-~'~=4_r::::.~----=",.,=::-~._
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(7) The jacket efficiency factors Keon and Ke and the shape factor K, must be implemented in FRPC
jacket design. If these factors are neglected, in situ jacket stress and strain capacities' will be over-
---"-~-""-_-""-_"-_-_ --_"T'pnidicted;::resultingcincunder-:designed=jacket-retrofits-.- "-
8.3 FUTURE RESEARCH
It is acknowledged that this study was not intended to provide conclusive empirical relationships
between all of the parameters investigated. Given the number of parameters investigated, testing
encompassed only a limited number of small-scale and full-scale specimens. In addition, not all of the
specimens tested provided useful data points for certain aspects of this research. As a result, statistical
significance cannot be derived from (nor is it implied by) this investigation. However, several key
relationships and trends described within this report appear valid and should be investigated further.
A comprehensive investigation ofthe relationship between concrete dilation and confining pressure
is suggested. A large number of small-scale plain concrete cylinders and prisms should be jacketed with
varying layers of several different FRPC materials should be tested. From such a study, an empirical
relationship between the dilation limit, TIu' and confining pressure (in terms ofYfr and Efs) could be derived.
In addition, this study could examine the jacket stress and strain efficiency factors, Keon and K.. as well as the
shape factor, K,. Suggested values for these factors - either universal or on a rnaterial-by-material basis - are
needed.
Based upon such research, a number of FRPC jacket retrofits for full-scale reinforced concrete
columns should be designed. The values obtained from the small-scale research program for Keon' ~ and K,
should be utilized, as well as the equations relating TIu and confining pressure. The effectiveness of these
designs should then be verified through full-scale testing.
Such research programs would greatly enhance current understanding of FRPC jacket design and
"'"
would thus encourage practicing engineers to take advantage of this innovative technology.
----.-.-. '__'__ ~ "'_"'''''''''''''''A~''_'__~_,_'_,_"'--_~_"..;...._ ..."."" ...'. ";""'-""';.~"':~~'~;"';':"'~~O'-'
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